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Abstract 
Excitation of four molecular systems using high 
power ultraviolet excimer lasers permitted an investigation 
of the different processes which can occur during multi-
photon dissociation. The simultaneous two-photon 
dissociation of H20/D20 at 248.4 run in which two photons 
were absorbed in one coherent step resulted in the production 
of Off/OD (A2 , v' = 0 	X2 ri, v'' = 0) photofraginent 
fluorescence. The rotational population distributions in 
OH/OD (A2 E, v' = 0) were non-statistical and differed 
from the highly inverted distributions resulting from near 
isoenergetic single photon dissociation at 123.6 run. 
Measurement of the two-photon OH(A 2  E +. ) photofragment 
fluorescence excitation spectrum revealed that two- 
photon excitation of H20 populated the C 1  B 1  state which 
was heterogeneously predissociated by the B 1 A 
1  state to 
produce OH(.A2 E). Differences in the single and two-
photon OH(AE) population distributions were a result of 
final state interactions on the B 1 A 1 surface. 
The sequential two-photon dissociation of NO 2. at 
248.4 nm produced NO(AE - X2TI) fluorescence by a laser 
induced fluorescence process. One photon was absorbed to 
populate the B2B2 state which was rapidly predissociated 
to produce NO(X2 r[, v'' 	8). The vibrationally hot ground 
state NO then absorbed another 248.4 nm photon and underwent 
the resonant NO(A2E+, v' = 3 	X2 11, v'' = 6) transition 
and subsequently produced NO(A 2 E, v' = 3 - X 2 11, v'' = n) 
fluorescence. Addition of a large quantity of nitrogen 
induced vibrational relaxation of NO(A 2 E, v' = 3) and 
fluorescence from NO(A 2 + E , v' = 0) was observed. 
The sequential two-photon dissociation of hydrogen 
peroxide at 193.3 nm produced OH(A 2 + E 	X2  II) fluorescence. 
In this case, absorption of one photon populated an 
intermediate state in the parent molecule which was then 
used as a stepping stone for further absorption to a 
dissociative upper state, resulting in fluorescence 
from OH(A2 E, v' = 0, 1). The relative populations of 
the v' = 0 and 1 levels were 1 : 0.33 respectively and 
a bimodal rotational population distribution in OH(A 2 E, 
VI = 0) was observed. The quenching rate of OH(A2E+, 
V 1 = 0) by hydrogen peroxide was measured for the first 
time and found to be (2.93 ± 0.09) x 10- 10  cm3 molecule- s. 
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1.1 	Multiphoton Excitation Processes 
The theory of multiphoton absorption was first 
established in 1931 by Gppert-Mayer 	but prior to the 
development of the laser,multiphoton absorption was very 
difficult to observe because the cross-section, even for 
a two photon process which is the most probable multiphoton 
process, is orders of magnitude smaller than that for 
single photon absorption. However with the development 
of coherent optical sources in 1960 and the advent of high 
power ultraviolet (UV) arid, visible lasers in the 1970's, 
multiphoton excitation (MPE) became a. viable technique for 
studying the spectroscopy, photochemistry and dynamics of 
the excited states of atoms and molecules. MPE of atoms 
and molecules is now a rapidly maturing field and a great 
number of excited states of a diverse array of atoms and 
molecules have been studied 2 , ranging from the lithium 
atom (3)  to large polyatomic molecules such as diphenyl 
anthracene (4) 
A multiphoton process can be defined as the interaction 
of two or more photons in the presence of matter and this 
definition can be split into two subdivisions based on 
whether photons are annihilated or not: 
-2- 
(i) The interaction of matter with two or more 
photons in which only part of or none of the optical energy 
is absorbed by the matter and photons at new frequencies are 
generated by the interaction. Three examples of this type 
of interaction are: 
Raman scattering which may be represented 
schematically as 
hv 1 	+ M 	-'- hv 2 + M 	 (1.1) 
where M represents a molecule 
and 	v 2 =V 	 ± Vib 
Raman scattering can be regarded as an "inelastic collision" 
of an incident photon of frequency v 1 with a molecule. 
Following the collision, a photon of frequency v =1 ± Vvib 
is generated where Vvjb  is the frequency of a molecular 
vibration.If V2 = 	 i.e. Stokes scattering, the 
molecule M has been excited from the ground. vibrational level 
to an excited. vibrational level by the interaction. If 
"2'= V 1 + Vvjb, i.e. anti-Stokes scattering, the molecule 
which was originally in an upper vibrational level is left 
in the ground state. vibrational level. 
Second Harmonic Generation 
	
2hv 1 + M 	hv2 + M 	 (1.2) 
where M represents an atom or molecule 
and v 2 = 2v 
-3- 
Second harmonic generation deposits no optical energy in 
the medium but the interaction converts two incident photons 
of frequency v 1 into a single photon of frequency v 2 twice 
that of v.1 . The interaction induces a non-linear polarisation 
in an atom or molecule which produces new waves at frequency 
= 2v 1 . If the velocities of the incident-inducing waves 
are phase matched with the polarisation waves the micro-
scopic contributions can sum constructively to generate a 
macroscopic wave. Examples of suitable materials are KDP 
(potassium dihydrogen phosphate) for which the phase matching 
condition exists for incident light wavelengths of 500 
to 600 mu and LINbO 3 (lithium niobate) for A 	1 4m. 
(c) Coherent Anti-Stokes Raman Spectroscopy (CARS) 
2hv 1 + hv 2 + M+ hv 3 + M 	(1.3) 
where v 3 =2v - v2 = V 1 + 1 - 
CARS is a four photon process in which two photons of 
frequency v 1 and one of frequency v 2 are mixed by the inter-
action to generate a new photon at frequency v3 = 2v1 - 
Strong resonances occur when v - 	=' Vvib or 2v 1 is a 
two photon resonance. The new photon, hv 3 , is coherent and 
therefore signal levels can be 10 or 10 times greater 
than with spontaneous Raman scattering. 
-4- 
(ii) The second sub-division of the definition of 
a multiphoton process is concerned with interactions of 
matter with two or more photons in which a simultaneous 
absorption of the photons produces atoms or molecules in 
excited states at the energy of all absorbed photons. This 
category of multiphoton process is generally termed multi-
photon excitation (MPE) and can be distinguished from the 
first category because all photons involved in the inter-
action are annihilated. MPE was the process used in this 
thesis to investigate the photodissociation dynamics of 
small molecules and consequently the discussion will 
concentrate on MPE from this point on. 
There are two types of MPE which are readily 
illustrated in Figure 1.1 by two photon excitation, the 
simplest of multiphoton processes. 
(a) Sequential excitation in which one photon is 
absorbed by an atom or molecule to populate a bound, unbound 
or predissociated intermediate state, A*, which then acts 
as a stepping stone for further absorption of another 
photon to populate a higher state, 	 The overall 
cross-section for this process is the product of the 
individual cross-sections, a and a 2 , for each step, 
corrected for loss processes from the intermediate state, 
A*. If A* is unbound or predissociated with a lifetime of 
less than a picosecond, there will be competition between 
the up-pumping of A* to A** and fragmentation (6) The 








(a) 	 (b) 	 (c) 
Figure 1.1 	Three multiphoton processes: 
Two-photon sequential absorption. 
Two-photon simultaneous absorption. 
Raman scattering. 
V is a virtual intermediate state. 
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highly excited fragments. The outcome of this 
competition will ultimately depend upon the intensity of 
the laser and the strength of the predissociation or the 
degree of repulsion in A*. 
(b) Simultaneous excitation in which two photons are 
absorbed in a single coherent step. No real states exist 
at the photon energy, i.e. the atom or molecule is 
transparent at that wavelength. A virtual intermediate 
state at the one photon energy is involved, which is 
not an elgenstate of the molecule but is a mixture of all 
the real states of the atom or molecule which have the 
appropriate symmetry. The presence of another photon is 
required before a real excited state is populated. States 
which lie closest in energy to the photon and have the 
correct symmetry make by far the greatest contribution to 
the virtual state. For the case in which both photons 
come from the same laser pulse and are identical, the 
(1) transition moment, R 	, for the process is given by 
R 	= 	E 	<AILEIA*><A*ElA**> 	 (1.4) A* 
( EA** - EA* - hc'u) 
where R is the transition dipole moment, E the radiation 
field strength, EA**  the energy of the final state, EA*  the 
energy of intermediate states, A*, 	the wavenumber of 
the transition inducing radiation and < > denotes the 
matrix elements for transitions between A and A* and  A* 
and A** respectively. The sum is over all states A*, 
but it can be seen from equation (1.4) that R AA**  is 
greatly enhanced when EA* = hcv and consequently near-
resonant states dramatically increase the probability of 
the two photon process. 
It is instructive to compare the relative probabilities 
of single and two photon absorption. Two photon absorption 
can be described by a non-linear Beer's Law 7 , 
-dl = 6I2Ndx 
	
(1.5) 
where I is the photon intensity (photon cm 2s), N is 
the sample concentration (molecule cm 3 ), x is the distance 
(cm) along the beam propagation direction and 6 is the 
absorptivity 8 , (cm 4 s photonmolecule) a measure of 
the probability of the two photon process. Comparison 
with the normal form of Beer's Law for single photon 
excitation, 
-dl = aNldx 
	
(1.6) 
where a is the cross-section (cm 2 molecule - 1 ) for 
absorption, indicates that the quantity 61 (cm 2 molecule - ) 
is the two photon equivalent for a. Strong single photon 
transitions have cross-sections of approximately 
10 17 cm2molecule whereas strong two photon transitions 
typically have absorptivities of approximately 10 48  cm4 s 
molecule photon. A typical pulsed laser has an 
intensity of 10 18  photons cm-2 per pulse and with a pulse 
length of 10 ns this is equivalent to a peak intensity of 
-7- 
io26 photon cm 2 s 1 . Therefore the quantity 16 is only 
10- 22 cm2molecule-  1,  five orders of magnitude less than 
the single photon absorption cross-section and it is clear 
why multiphoton absorption did not become an observable 
phenomena until the development of the laser. 
In general, sequential multiphoton excitation is much 
more probable than simultaneous multiphoton excitation and 
therefore the use of two lasers is normally advantageous. 
The first laser is selected to be resonant with the 
transition A A* at an energy E 	 and the second laser is 
operated at an energy EA*A**  to be resonant with the 
A* 4- A** transition. Furthermore, the two lasers can be 
variably delayed in time to gain an insight into the 
dynamics of the intermediate state, something not possible 
using a single laser. 
When the sum of the photon energies in a MPE process 
exceeds the ionisation potential of the atom or molecule, 
muItiphoton ionisation (MPI) can occur. Whenever the 
energy of a small integer number of photons coincides with 
an atomic or molecular transition energy, a vast increase in 
the ion signal results. This is known as resonance enhanced 
multiphoton ionisation (REMPI), e.g. nitric oxide (9)  
absorbs two photons of laser light of wavelength ca. 450 nm 
to populate the NO(A2 E) resonant intermediate state from 
which a further two 450 nm photons are subsequently absorbed 
to ionise the molecule. This is known as a (2+2) REMPI 
process and as the wavelength of the excitation laser is 
scanned, the two photon absorption spectrum of NO(A2E - X2 11) 
is mapped out (complications arise if a second resonance at 
the third photon level occurs 10 ). REMPI is an excellent 
technique for studying high lying Rydberg states 11 . In 
one photon absorption spectra, intravalence state transitions 
are generally much stronger than Rydberg transitions and the 
latter tend to be difficult to observe. However, intra-
valence transitions tend to promote bonding electrons to 
antibonding orbitals whereas Rydberg transitions populate 
non-bonding orbitals and therefore Rydberg states tend to be 
more stable towards dissociation. In REMPI, the ionisation 
step has to compete against dissipative processes from the 
intermediate state and a consequence of this is that Rydberg 
transitions are prevalent in REMPI spectra. REMPI can be 
combined with mass selection using a quadrupole or time-
of-flight mass spectrometer to provide a possible analytical 
tool (12).  In REMPI-mass spectroscopy the fragmentation 
pattern depends both on laser intensity and wavelength and 
therefore it provides an extra dimension compared with 
conventional electron impact mass spectroscopy, e.g. MPI of 
benzene (13)  in the wavelength range 380-395 nm using a dye 
laser yields a range of ion fragments from C 6  down to 
the relative proportions of which are. very sensitive 
to the laser intensity. REMPI can also be combined with 
photodissociation to produce REMPI spectra of free radicals 
and this is useful for studying radicals which do not 
14 fluOresce, e.g. CH 3 . 	. 
Multiphoton excitation enjoys several advantages over 
photoexcitation by conventional light sources: 
The study of states in the vacuum ultraviolet 
(VUV) region at wavelengths shorter than 190 nm has 
traditionally been technically exacting. The optical path 
has to be evacuated because of absorption of the exciting 
light by 02  and N2 and special optical materials which 
are transparent at VUV wavelengths have to be used. These 
materials, e.g. MgF 2 , CaF 2 and LiF are fragile, prone to 
radiation damage and the slightest contamination considerably 
impairs their transmission properties. These practical 
problems can be avoided by populating VUV states by 
absorption of two or more visible or UV photons in an 
isoenergetic excitation. 
The selection rules for MPE are different from 
those for single photon processes and therefore a whole 
series of new excited states can be studied which were 
previously inaccessible (15) For example, the symmetry 
selection rules for centrosyinznetric molecules are such that 
g-(* g and u -+)- u transitions are allowed for two photon 
excitation (or an even number of photons) but forbidden for 
single photon excitation (or an odd number of photons) and 
g.' u transitions are allowed for single photon excitation 
but forbidden for two photon excitation (g states are 
symmetric and u states non-symmetric towards inversion). 
Consequently single and two photon excitation are complimentary, 
in an analogous fashion to the infrared and Raman 
- 10 - 
vibrational spectroscopies. Another example involves 
transitions in which two electrons are excited, a process 
which is strictly forbidden for single photon excitation 
but allowed for MPE. The sequential two photon excitation 
of methyl iodide at 193 nm 6 
CH3I 193 nm 	* 193 run CH3 I 	 CH3 *I* 	 (1.7) 
CH3 *I* 	 CH* + 1* 	 (1.8) 
populates a super-excited state CH3*I* at an energy above 
the ionisation potential of methyl iodide which subsequently 
dissociates to produce electronically excited CH and I 
fragments. The fact that photodissociation is more important 
than ionisation implies that CH3*I* is a two electron 
excited state which mixes only weakly with the ionisation 
continuum leading to an autoionisation lifetime of more 
than a picosecond. 
Multiphoton absorptions are weak and therefore 
samples are optically thin and multiphoton dissociation is 
an excellent method for producing homogeneous radical 
distributions for kinetic studies. 
MPE can provide extra polarisation information 
which is averaged away in single photon measurements and 
this can lead to a definitive assignment of excited state 
symmetry, e.g. in a two photon transition the ratio of the 
transition strength using circularly. versus linearly 
polarised light is 3/2 if both levels have the same overall 
- 11 - 
symmetry or their direct product contains the totally 
symmetric representation. This fact has been used to 
clarify the assignments of some of the vibronic states in 
the absorption spectrum of benzene vapour ! 7 ' 18 
As has been mentioned previously, high power optical 
sources are required for multiphoton excitation to be a 
feasible process and high intensity pulsed laser systems 
delivering high peak powers are the most viable MPE sources. 
Commercially available transverse discharge rare-gas 
halide excimer lasers have commonly been used. Typically, 
they can deliver energies of 50-1000 mJ of energy at several 
wavelengths in the UV (e.g. ArF at 193.3 nm, KrF at 
248.4 rim, XeC1 at 308 rim) with pulse lengths of less than 
20 ns. Upon focussing of the output to cross-sectional 
areas of the order of a few square millimeters, photo 
intensities of ca 10 26-27  photons cm 2 s 	(i.e. 10 18-19 
photons cm- 2  pulse- 1 ) are readily achieved. Recent technical 
developments such as injection locking and unstable 
resonators (19)  have transformed excimer lasers into narrow-
band (ca. 0.3 cm- 1  ), tunable sources of UV radiation 
therefore increasing their flexibility. However the 
tunable range is limited to the gain profile and excimer, 
nitrogen and Nd-YAG pumped dye lasers are more versatile 
MPE sources because they are continuously tunable through 
the 340-800 nm wavelength region. Furthermore this range 
can be readily extended down to 220 rim through the 
application of second harmonic generation in non-linear 
20 crystals. Stimulated Raman. techniques 	and third 
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harmonic generation in rare gases in supersonic 
expansions (21)  make it conceivable that in the next 
decade continuously tunable, coherent radiation from 100 nm-
1000 nm will be available using dye lasers. 
1.2 Theories of Photodissociation 
The photodissociation of polyatomic molecules has 
been a topical area of research for many years (22)  and 
several experimental techniques have been developed to 
study the partitioning of excess energy in the photo-
dissociation process. One of the first of these was the 
technique of photofragment spectroscopy 23 , in which a 
molecular beam was crossed with a photon beam and the 
kinetic energy distribution of the recoiling fragments was 
analysed by time-of-flight mass spectrometry. Information 
on the internal energy content could then be obtained 
using the principle of conservation of energy and the 
angular distribution of the recoiling fragments was 
utilised to procure information on the rotational energy 
distribution and the lifetime of the dissociating state. 
Although photofragment .spectroscopy had the advantage of 
working in the collision-free regime, it also suffered from 
the disadvantage of an indirect determination of the 
internal energy distribution. The detection of infrared 
chemiluminescence 24 was a direct method of determining 
the. vibrational distribution in the photodissociation 
fragments. However, infrared radiative lifetimes are long 
and in order to. work in a collision free environment 
- 13 - 
sample pressures had to be very small and hence this 
technique suffered from a sensitivity problem. The 
technique of laser induced fluorescence using tunable dye 
lasers (25)  was much more sensitive than i.r. chemi-
luminescence and was also. capable of obtaining the 
population of the ground state vibrational level of a 
fragment. Furthermore, the resolution of modern day dye 
lasers is such that the rotational structure of most 
diatomics and many triatomics can be fully resolved. 
Photodissociation of the parent molecule by far ultraviolet 
light sources produces electronically excited fragments 
and analysis of the subsequent fluorescence yields the 
(26.) internal energy distribution 	. High intensity ultra, 
violet excimer or frequency doubled dye lasers can be 
used to induce multiphoton dissociations (2)  which will 
have selection rules which are complimentary to single 
photon photolysis. The tunability of these lasers, and 
for that matter of . single photon excitation using synchrotron 
radiation, can be used to determine how internal energy 
partitioning is affected by variation of the amount of 
excess energy available. In addition, the high resolution 
of lasers can produce state selective excitation and the 
effects of rotation and. vibration in the dissociating 
state on the internal, energy partitioning can be studied. 
Finally, polarisation studies of rotationally resolved 
photofragment fluorescence (27)'  can determine the symmetry 
and lifetime of the dissociating parent state and yield 
dynamical information on the photodissociation. 
- 14 - 
Clearly then, a great deal of experimental effort 
has been devoted to photodissociation processes and these 
efforts have in some cases provided semi-empirical 
determinations of the potential energy surfaces involved in 
the photodissociation. In other cases, experiments have 
provided data which challenged current thinking on photo-
dissociation and induced theoreticians to undertake more 
sophisticated calculations of the potential energy 
surfaces involved. However some of the experimental 
findings have been more practical. Photodissociation can 
lead to population. inversions In the fragments which can 
then be utilised as chemical lasers. Translationally, 
hot atoms and vibrationally excited molecules can be 
produced which in subsequent chemical reactions yield 
different products than their room temperature counterparts. 
Consequently there are practical as well as academic 
reasons which make it highly desirable that the theory 
of photodissociation is well understood. The question of 
how product energy distributions are affected by the form 
of the potential energy surface of the dissociating state 
must be answered. 
In the absence of non-adiabatic curve crossing the 
photodissociation of diatonic molecules involves a single 
potential energy surface and is relatively simple. The 
atoms depart with a kinetic energy which is determined by 
conservation of energy and the angular distribution of 
the atoms is dependent on the lifetime of the excited 
- 15 - 
molecule and its initial rotational energy. However 
polyatomic dissociation is much more complicated since 
it involves multidimensional potential energy surfaces and 
the fragments can have internal energy, the distribution 
of which will be affected by the form of the surface and 
the initial quantum states of the system. Generally, 
very little is known about the detailed shape of the 
potential energy surfaces of excited states of polyatomic 
molecules and consequently simple models of photo-
dissociation attempt to describe polyatomics as pseudo-
diatomics to simplify the dynamics. 
1.2.1 Quasidiatomic Model 
This model was first developed by Holdy et al(23)  to 
analyse the collinear dissociation of ICN and later amended 
by Busch and Wilson (28)  to account for the non-collinear 
dissociation of NO2 . The model focussed on the dynamics 
of the impulsive "half-collision" associated with the 
separation of the photofragments on the repulsive electronic 
surface after absorption of the photon. It was assumed 
that the bond that broke was a normal, vibrational mode in 
the initial bound state and that upon absorption of a 
photon to a repulsive excited state, all excess energy 
resided initially in that oscillator. Hence all other 
modes and therefore. the geometry of the molecule was 
unaffected by the absorption.. Hence a triatomic ABC was 
visuàlised as a diatomic A- (BC). Upon absorption of a 
- 16 - 
photon, a repulsive potential was instantaneously created 
between A and B. The repulsive energy was equivalent to the 
energy available, Eav?  after dissociation and any electronic 
excitation of the fragments. Eav  was initially converted 
into translational energy of atoms A and B and the 
translational energy of B was subsequently converted into 
vibrational, rotational and translational energy of BC. 
From conservation of linear and angular momenta between 
A and B and A and BC, the following relationships held. 
E /E 	= T av /p. A-B 	A-BC (1.9) 
E mt 	av /E = 1 - 	A-B"A-BC (1.10) 
/E E
V 	av 
2 (1 - 	A_BA_BC05 0 (1.11) 
ER /E 	= (1 - 	A_BA_BC) 5i 0 (1.12) 
where ET  was the translational energy of A and BC, Ejnt 
was the sum of the vibrational and rotational energies of 
BC, E   was the vibrational energy, ER  was the rotational 
tmAtmB 	 ____ energy, UAB = mA+mB and A-BC = m+m 	
were the 
reduced masses of A and B and A and BC respectively and 
O was the ABC bond angle at the time of dissociation. The 
model was reasonably successful in modelling the partitioning 
of energy in some cases, e.g. the collinear photodissociation 
of ICN into I + CN 23 . However when the excitation and/or 
dissociation steps involved geometrical changes in parts 
of the molecule other than the dissociating bond, 
- 17 - 
e.g. H 2  0 photodissociation to H( 2S) + OH(A2E) at 
123.6 nm 29 , the model failed because it assumed that 
all excess energy resided in the bond that broke and 
therefore neglected any geometrical changes in the excitation 
and dissociation processes. 
1.2.2 The Equilibrium Geometry Model 
In this model, Mitchell and Simons (30)  proposed that in 
the photodissociation of a triatomic ABC, 
ABC 	
hv 	ABC* 	- A + BC 	 (1.13) 
the equilibrium bond length B-C in the electronically 
excited state could be significantly different to the BC 
bond lengths in the ABC ground state or the BC fragment. 
A consequence Of photodissociation would then be vibrational 
excitation of the BC fragment. However, in a direct 
dissociation the excited state is a continuum and no 
spectroscopic information is known from which the geometry 
of the excited state could be obtained. Nevertheless 
molecular orbital theory could be used to predict the 
changes in bond order associated with the transition and 
on the basis of these bond order changes, the degree of 
vibrational excitation involved in the photodissociation 
could be estimated. For example, the transition in NOC1 
at ca. 200 nm (31)  is thought to involve promotion of an 
electron from the bonding la'' orbital to the anti-bonding 
3a'' orbital and the equilibrium N-a bond length would 
increase from 1.14 IR to 1.33 . By the equilibrium geometry 
model, this increase should result in vibrational excitation 
of the NO fragment which is borne out by the experimental 
results of Basco and Norrish (31)  who observed the NO(X 
2 II) 
fragment with levels up to v'' = 11 populated. The model 
can be extended to include rotational excitation in the BC 
fragment by proposing that a change in bond angle upon 
photon absorption results in the excitation of a bending 
mode which will be transformed into rotational excitation 
in the fragment. For example, the photolysis of H 2  0 at 
2+ 
123.6 rim produces highly rotationally excited OH(A E 
radicals and is known to involve the unbound B 1 A 1 state 29 . 
The ground state of H20 has a bond angle of 105.20(32) 
whereas the 91A  state has a preferred linear equilibrium 
geometry. Consequently, excitation to the VA  state therefore 
induces a large amplitude bending motion which transforms as 
rotational excitation in the OH(A2 E) fragment. However 
the equilibrium geometry model fails to rationalise the 
internal energy distribution in the fragments in cases 
where final state interactions are important, e.g. photo-
dissociation of.H20 at 133 nra involves the VA  state 
mentioned previously but in this case the rotational energy 
2 + distribution in the OEME ) fragment displays a thermal 
component in addition to an inverted component (33) Since 
the same state and therefore the same geometrical changes 
are involved, the equilibrium geometry model is incapable 
of accounting for the different distributions. 
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1.2.3 The Simple Golden Rule Model 
Berry (34) developed this model which determined the 
probability of finding a particular fragment mode in a 
given quantum state in a collinear dissociation. The poly-
atomic was again visualised as a quasidiatomic and it was 
assumed that final state interactions did not affect the 
probability distribution. The initial state of an 
oscillator, j, on the repulsive surface was described in 
terms of a "dressed oscillator" with the ground vibrational 
state wave function, 	, where Q were the nuclear 
coordinates. The probability distribution, P(n) 1 for 
finding a fragment in the level, n, of the fragment 
normal mode, j, was obtained from the bound-to-bound 
Franck-Condon overlap of 1iD(Qj)  with the fragment 
vibrational wave function,. 	 The contribution of 
:i 
other fragment vibrational modes and the wave functions for 
the degrees of freedom which underwent bound-to-free 
transitions were ignored except insofar as they affected 
the final density of states, p(En)• Hence P(n. J 
) was 
determined from diatomic-like overlap integrals: 
P(n 	
I'n(Q) 	Djj' 	p(E) 	 (1.14) ) = 	
I'nj(Qj)D(Qj)dQj2 pE n  
The dressed oscillator was determined empirically and 
consequently the model could only be used when the fragment 
was a diatomic. The model also suffered from the fact that 
it was incapable of dealing with rotational energy 
partitioning. 
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1.2.4 Other Models 
Freed and Band (35)  developed a full quantum model 
which incorporated and extended the features of the simple 
golden rule model. Instead of using a dressed oscillator, 
an effective oscillator wave function was derived which 
depended on all normal modes and the equilibrium geometries 
of both the initial bound molecular electronic state and 
those of the fragments. A probability distribution could 
then be obtained for a vibrational mode of a polyatomic 
fragment and the limitation to diatomic fragments was lifted. 
Furthermore, isotope effects and initial parent molecule 
vibrational excitation were incorporated, effects which 
previously, could not be dealt with and bending and rotational 
degrees of freedom were included in the Franck-Condon 
overlap. Final state interactions were dealt with by 
modifying the Franck-Condon determined initial vibrational 
distribution by a scattering process representing the 
impulsive half-collision which transferred the system 
from the repulsive surface to the final fragmented state. 
Using this model, Morse, Freed and Band (22)  have predicted 
that the product CN rotational distributions in the photo-
dissociation of the linear triatomic ICN will be greatly 
influenced by excited bending states and that the rotational 
distributions are much more sensitive to the form of the 
unbound potential surface than the. vibrational distributions. 
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There are several theories of photodissociation which 
are derived from'statistical mechanics, e.g. RRKM theory 36 , 
Phase Space Theory 37 , Adiabatic Channel Theory 38 , 
surprisal analysis 39 . Surprisal analysis is based on 
information theory and attempts to reduce the large volume 
of experimental data to a few parameters. Applied to 
photodissociation, surprisal analysis defines a prior energy 
distribution of the fragments in which all energetically 
accessible quantum states have the same probability of 
being populated, modified only by the degeneracy of each 
state. Therefore the prior distribution is the most 
entropic distribution or the 'statistical' distribution. 
The surprisal, 1(a), is a measure of the amount of information 
provided by a single result and the average surprisal, I, is 
a measure of the amount of information obtained from the 
entire population distribution: 
I = Z P(a) ln(P(a)/P ° (a)] 
a 
(1.15) 
where P(a) is the observed probability of population of state, a 
P° (a) is the prior expectation probability of state, a. 
Thus if the observed distribution is wholly statistical, 
I =0, otherwise I > 0. A large value of I implies a 
very specific dissociation process and a very non-statistical 
distribution. The dissociation process can be characterised 
by a surprisal plot in which the surprisal, 1(a),. is 
plotted against the fraction of the available energy for 
each state, a. E.g. for a given, vibrational state, v, the 
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rotational prior, 1(j) = -ln(P(j)/P0 (j)] 
where P0 (j) = (2j + 1)(E 	- av j 
max 
(2j+1)(E -E ) 
j=O 	av j 
(1.16) 
and E is the energy of rotational state, j, and Eav  is 
the available energy. If the rotational surprisal plot, 
1(j) versus Ej/Eav  is linear, the rotational distribution 
is non-statistical but can be described by one other 
parameter, the energy of each rotational state. 
As the size of the experimental data base of state-
resolved photodissociations increases, it is evident that 
non-linear surprisals are the rule rather than the exception. 
Consequently, multiple constraints are required to account 
for the results and although surprisal analysis indicates 
the presence of multiple constraints it provides no 
information on what those constraints are and therefore is 
somewhat limited. 
In fact, recent advances in laser and molecular beam 
technology have highlighted the limitations of all simple 
theories of photodissociation. It is now possible to carry 
out a fully state-selective photodissociation experiment 
on a near-routine basis. State selection in the ground 
electronic state can be achieved using supersonic expansions (40)  
to cool the gaseous sample to approximately 0-10 K. At 
these temperatures only a few rotational levels are populated 
- 23 - 
and rotational and vibrational state congestion is 
eliminated allowing a single quantum state to be excited by 
a monochromatic laser source. State selection of an 
excited electronic state in the vacuum ultraviolet can be 
achieved via multiphoton excitation using a tunable, 
narrow-line injection-locked excimer laser or by single 
photon excitation using tunable vacuum ultraviolet radiation 
generated by non-linear mixing of excimer and dye laser 
radiation. Alternatively tunable VUV radiation can be 
obtained by third harmonic generation of UV and visible dye 
laser radiation in a supersonic expansion of a noble gas. 
Rotational and vibrational state selected detection of the 
photofragments is readily achieved by wavelength resolved 
detection of photofragment fluorescence if the fragments 
are formed electronically excited or by laser induced 
fluorescence if they are formed in their ground states. 
Polarisation measurements can measure the anistropy of the 
fragment rotational angular momentum and the Doppler 
profiles of rotational features can be used to calculate the 
translational energy distributions of the photofragments. 
Consequently, photodissociation experiments are now at 
such a level of sophistication that simple theories of 
photodissociation are capable of providing a general 
indication of the processes. that are occurring but are at a 
loss to explain the fine details revealed by experiment. 
It seems clear that in order to understand the detailed 
dynamics of. the photodissociation of a particular molecule, 
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knowledge of the excited state potential energy surfaces 
of that molecule is required. Potential energy calculations 
should be feasible for most triatomics and some small 
simple polyatomics. Segev and Shapiro (41)  have pointed 
the way forward by performing three-dimensional quantum 
scattering calculations of an H 2  0 molecule on the B 1 A 1 
potential energy surface calculated by Flouquet and Horsley (42) 
and have shown the influence of the shape of the surface 
on the rotational distribution in the OH(A 2 E, v' = 0) 
fragment. Their results will be discussed in detail in 
Chapter 3 of this thesis. 
1.3 	Aims of the Thesis 
The aims of this thesis were twofold: 
(1) To study the multiphoton excitation and 
dissociation processes which could be induced in small poly-
atomic molecules using high powered UV excimer lasers. 
(ii) To investigate the spectroscopy and the detailed 
dynamics of the photodissociation of small polyatomic 
molecules using multiphoton dissociation as a technique 
which compliments and augments the information already 
known from single photon excitation studies. 
Three molecular systems were concentrated upon which 
displayed the different processes which can occur during 
multiphoton dissociation.. Firstly, the simultaneous two 
photon dissociation of H 2  0 at 248.4 nm to produce 
OH(A2 E 	x210 fluorescence was studied. Two photons 
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were adsorbed in one coherent step and no eigenstate of 
the molecule existed at the energy of one photon. Secondly, 
the sequential two-photon dissociation of NO  at 248.4 nm 
to produce NO(A2 E - X2 H)fluorescence by a laser induced 
fluorescence process was investigated. In this sequential 
process, predissociation from the resonant intermediate 
state was dominant and the primary fragment NO(X 2r1) 
adsorbed another photon to produce NO(A + X) fluorescence. 
Finally the sequential two photon dissociation of hydrogen 
peroxide at 193.3 nm to produce OH(A2E 	X2 H)fluorescence 
was studied. In this case, up-pumping from the intermediate 
state of the parent molecule was dominant and OH(A -- X) 
fluorescence resulted from the dissociation of a highly 
excited upper state of hydrogen peroxide. 
A great deal has been learnt about the detailed 
dynamics of photodissociation in these systems and hopefully 
the results presented in this thesis will provide a basis 
for further experimental and theoretical work which will 
clarify some of the questions raised by this work. 
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CHAPTER TWO 
Experimental Techniques 
The success of multiphoton dissociation as a 
technique for studying the spectroscopy, kinetics and 
dynamics of small, gaseous molecules is dependent on two 
factors. 
Intense optical excitation sources are required 
because of the inherent weakness of the multiphoton process 
and ideally the excitation source should be monochromatic 
so that the amount of energy put into the system is known 
precisely. 
Sensitive detection equipment with good spectral 
and/or temporal resolution is required.. Spectral resolution 
is necessary to elucidate the energy partitioning in the 
photodissociation process. Dissociation, predissociation, 
fluorescence, etc. occur on timescales from 10- 6  s to less 
than 10- 12  s and hence the requirement for temporal 
resolution. 
In this chapter, the excitation and detection systems 
used are described in detail and then the experimental set-ups 
used in this research are presented. 
2.1 	Excimer Lasers asMultiphoton Dissociation Sources 
Excimers are molecules which are bound in excited states (4:  
but are unstable in the electronic ground state. Strictly 
speaking, exciplex is the correct term since excimer is 
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reserved for molecules which are composed of like atoms. 
Excimers are an ideal laser medium since an inversion 
between the upper bound state and the dissociating ground 
state is automatically maintained. The output power of an 
excimer laser is dependent on the excitation rate of the 
upper state (since the lower state dissociates in less 
than a picosecond) and therefore electron beams (44)  or 
fast transverse discharge J45)  are required as rapid pumping 
sources. Collisions are required to form the excimer 
molecule therefore cavity pressures are typically 1.5 to 
2.5 atm. However, high pressure impedes a uniform 
discharge and preionisation by ultraviolet light is required 
to achieve a uniform density of excimers in the cavity. 
Excimer lasers are excellent light sources for the 
multiphoton dissociation of small molecules for two reasons. 
Firstly, lasing occurs in the far ultraviolet, therefore all 
small molecules have states which are energetically 
accessible by two photon excitation, the most probable 
muItiphoton process. Secondly, a typical excimer laser can 
deliver Ca. 200 mJ of energy in a 15 ns pulse which 
corresponds to a peak power of >10 MW. The output beam can 
be focused to across sectional area of ca. 0.01 cm  
produôing a laser intensity of the order of 1 GW cm -2 and 
consequently multiphoton excitation becomes a. viable process. 
Examples of excimer laser media with typical pulse energies 
are ArF at 193.3 nm (200 xnj), KrF at 248.4 nm (300 mJ), 
XeCl at 308 nm (170 mJ) and XeF at 351 nm (90 mJ). The 
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conventional excimer lasers used in this research were 
a Lambda Physik EMG500 laser situated in the Department 
of Chemistry, University of Edinburgh and a Lambda Physik 
EMG201 laser situated in the UV Radiation Facility, 
Rutherford Appleton Laboratory. These are UV-preionised, 
transverse discharge excimer lasers with both the 
preionising discharge and the 30 kV main discharge switched 
by the same hydrogen thyratron in the ENG201 and different 
thyratrons in the EMG500. The lasers are super-radiant, 
i.e. no resonator is required to produce laser emission, but 
a simple resonator consisting of a flat aluminium mirror, 
protected from the corrosive gas mixture by a CaF 2 window, 
and a CaF2 outcoupling window are employed to improve the 
intensity and divergence of the laser output. With a 
typical gas mixture of ca. 10% noble gas (Ar or Kr), 
ca. 0.3% F2 and ca. 90% He buffer gas, total pressure 
1.5-2.5 bar, the EMG500 is capable of delivering 
approximately 100 mJ of energy in 15 ns on the KrF line 
at 248.4 nm and ca. 60 mJ of energy in 15 ns on the ArF 
line at 193.3 nm in a beam of dimensions 5 mm (horizontal) 
x 22 mm (vertical) and divergence 2. mrad (horizontal) x 
5 mrad (vertical). The EMG201 is a much more powerful 
laser and can deliver approximately 800 mJ in 15 ns at 
248.4 nm and Ca. 500 mJ in 15 ns at 193.3 run in a beam of 
dimensions 30 mm (horizontal) .x 12 nun (vertical) and 
divergence 4 mrad (horizontal) x 2 mrad (vertical). The 
fluorine atoms produOed in the discharge react with the 








Figure 2.1 	Schematic energy diagram of an 
excimer molecule 
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through the cavity from a reservoir to ensure the complete 
removal of fluorine depleted gas before the next shot. 
This enables the lasers to be fired at repetition rates 
up to 25 Hz. 
2.1.1 An Injection-Locked, Line Narrowed, Tunable 
KrF Excimer Laser 
Some advanced experiments on the two photon dissociation 
of water at 248.4 nm were carried out using the narrow 
bandwidth, tunable KrF excimer laser constructed by 
Dr. Malcolm Gower at the UI?. Radiation Facility, Rutherford 
Appleton Laboratory. 
A conventional KrF excimer laser has a relatively 
large bandwidth of Ca. 0.6 nm because of the steepness of 
the slope of the ground state repulsive potential (see 
Figure 2.1). The Franck-Condon factors for the bound-free 
transition determine that the laser intensity is at a 
maximum at 248.4 nm while the beam is highly divergent 
because of the high gain of the lasing medium. The laser 
output can be modified to greatly improve these characteristics 
by the laser system illustrated in Figure 2.2. 
A Lambda Physik EMG1O1E excimer laser was used as 
the oscillator. Its output was narrowed in a double pass 
by using a 1200 lines/nun grazing incidence diffraction 
grating and mirror and spatial filtering to allow only a 
few cavity, modes to lase. This resulted in a narrow line 













Figure 2.2 The line-narrowed, tunable, injection-locked KrF excimer 
laser at the UV Radiation Facility, Rutherford Laboratory. 
- 30 - 
was then expanded by a telescope consisting of a 10 cm 
focal length piano-convex lens and a 1 m focal length 
piano-convex lens. After expansion, 10% of the beam was 
injected into a Lambda Physik EMG201 excimer laser amplifier 
at the moment of maximum gain in the cavity. Since the 
gain in the cavity lasts for less than 20 ns, the timing 
of the injection was crucial. Both lasers were fitted with 
a thyratron switch which enabled them to be fired in 
synchronism at high repetition with a jitter of ca. 2 ns. 
This was acceptable but not ideal and led to approximately 
30%. variations in the laser energy from pulse to pulse. 
The injected pulse was then amplified in a double pass 
in the EMG201 using an n-hexane phase conjugate mirror or 
a conventional Al-coated mirror as the rear reflector. 
This resulted in an output of near diffraction limited 
divergence with a bandwidth of 0.005 nm and an energy of 
60 mJ per 6 ns pulse. A comparison of the resulting 
broadband output of the laser in the absence of an injected 
pulse and the line narrowed signal is given in Figure 2.3. 
Furthermore, the lasing wavelength could be tuned over the 
0.6 rim bandwidth of .a conventional KrF excimer laser 
from 248.1-248.7 rim. This. was accomplished by rotating the 
grazing incidence mirror using a stepper motor driven 
differential micrometer screw. The resolution of the stepper 
motor was such that .70 points were obtained in this wave-
length range. Figure 2.4 shows that the locking efficiency 
varied between 20% and 90% across the tuning range. 
248 	 249 
Wavelength/nm 
Figure 2.3 Comparison between the broadband output (a) 
in the absence of an injection pulse and the 
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Figure 2.4 The locking efficiency of the line-narrowed 
KrF laser 
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2.2 	Signal Detection 
Multiphoton dissociation is an inherently weak process 
and consequently it is most important to employ sensitive 
detection equipment. In this research, multiphoton 
dissociation was detected via photofragment fluorescence 
and in order to obtain information on the detailed dynamics 
of the photodissociation process, the fluorescence had to 
be spectrally and temporally resolved. 
Monochromators 
Three types of monochromators were used to disperse 
the fluorescence, two in the Department of Chemistry, 
Edinburgh University and one at the UV Radiation Facility, 
Rutherford Appleton Laboratory. In Edinburgh, a McKee 
Pederson MP-1018B monochromator was employed for the H 20 
and H202 work. This had a 1200 lines/mm diffraction 
grating and a linear dispersion at the exit slit of 
2 nm/mm in the first order. Slit widths in the range 
50 i&m to 500 J.m were used. For the NO 2 work, a Jobin-
Yvon iRS2 monochromator with a 1200 lines/mm grating 
blazed for 300 mu was employed. This could be flushed with 
nitrogen so that fluorescence at wavelengths less than 
195 nm could be observed, without attenuation caused 
by absorption of the radiation by oxygen in the atmosphere. 
This monochromator had' a linear dispersion of 1.2 nm/mm 
in the first order.. At the UV Radiation Facility, a 
Monospek 600 monochromator with a 1200 lines/mm grating 
blazed for 700 nm in the third order was used in the second 
order for the H 2  0 work.' 
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Photomultipliers 
Five types of photomultiplier were used in this 
research: EM1 9661B, 9781B, 9781R, Hamamatsu R928 
and EMI 9789 QB. The first four were 30 mm diameter 
side window photomultipliers with a quartz envelope and 
an S5 response photocathode. These photomultipliers 
were of the circular focused type with 9 dynode stages 
and CsSb secondary emitting surfaces. Operating voltages 
of 600-900 V were supplied by a Brandenburg 472R or an 
EMI PM28A photomultiplier power supply. At these voltages 
typical gains of io 5 to 10  were achieved. The 52 mm 
diameter EM19789 QB photomuItiplier had a bialkali photo-
cathode with a quartz envelope and had thirteen CsSb 
dynode stages in the. venetian blind configuration. A 
typical gain of 2.7 x 10. was achieved at an operating 
voltage of 1000-1200 V. 
Boxcar 
Upon multiphoton dissociation of a parent molecule 
by a pulsed excimer laser a fast transient pulse (typically 
of ca. 1s duration) of photofragment fluorescence is 
observed by the photomultiplier. This signal can be very 
weak and buried in noise and some method of signal averaging 
is required to improve the signal-to-noise ratio. This 
was achieved using. the Brookdeal 9415/9425 boxcar detector 
in single point mode to measure the mean amplitude of the 
fluorescence signal over a number of laser shots (typically 
5-10). The boxcar trigger signal was synchronised with 
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the fluorescence signal to ensure that the same part of 
the signal was sampled every shot. The sampled time 
interval or gate width was normally set to 100 ns and the 
delay circuit in the boxcar was used to shift the gate to the 
desired portion of the fluorescence signal. In this way 
only the signal and noise which occurred within the gate 
was sampled. Consequently, the redundant time interval 
between laser shots did not contribute to the noise level 
and a significant improvement in the signal-to--noise level 
was achieved. The time constant of the boxcar is determined 
by an RC circuit and may be set from 1 ms to 100 s in 
steps of 1, 3 and 10. The longer the time constant the less 
the noise fluctuations at the output therefore the time 
constant should be as long as possible. However, the 
larger the time constant the longer it takes to reach the 
correct value of the input. Therefore a compromise must 
be made and a time constant setting of 1 or 3 s was 
normally used. The boxcar was capable of recording the 
whole fluorescence temporal waveform by scanning the gate 
across the whole waveform and signal averaging but the 
scan mode was not utilised - in-this research. 
Transient Recorder 
A Biomation 8100 fast transient recorder was employed 
whenever temporal resolution of the fluorescence signal was 
required. This instrument was preferred over the boxcar 
because it was capable of-recording the whole fluorescence 
waveform in a single laser shot. The boxcar required 
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repetitive waveforms because only that part of the waveform 
which was inside the gate was recorded per laser shot. A 
transient recorder uses an analogue-to-digital converter 
to record a preselected section of an analogue signal as 
it varies with time and store it in equidistant time 
intervals in a digital semiconductor memory. The signal 
can be output digitally to a computer or in analogue form 
to an oscilloscope or chart recorder until the operator 
discards it from the memory. The Biomation 8100 has 2048 
channels and a minimum sweep time of 20 4s, therefore the 
minimum time interval between channels is 10 ns. This 
is more than adequate for these experiments because the 
excimer laser pulse width limits the temporal resolution 
to 15 ns without resorting to complicated deconvolution 
techniques. 
2.3 Typical Experimental Set-Up 
A typical experimental set-up for detecting photo-
fragment fluorescence following multiphoton dissociation is 
illustrated in Figure 2.5. 
The output from an excimer laser operating at a 
repetition rate of 1-10 Hz. was focussed by a 20 cm focal 
length piano-convex Spectrosil B lens into a 15 cm long 
cross-shaped photolysis. cell of the type described in 
detail by A. Hopkirk 46 . The cell was fitted with 
Spectrosil B windows and a reduction in the level of 







PC Photolysis Cell 	 LM Laser Energy Meter 
PM Photomultiplier 	 PS Power Supply 
Figure 2.5 Typical experimental arrangement for observing photofragment 
fluorescence and multiphoton excitation. 
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exit window which reflected scattered light into a 
Woods' horn and a small iris positioned close to the 
entrance window. The cell was connected to a conventional 
glass vacuum line fitted with greaseless Teflon taps and 
evacuated by a mercury diffusion pump and rotary backing 
pump in order to facilitate rapid filling and emptying of 
the cell. Pressures were measured by two MKS Baratron 
capacitance manometers with a working range of 0-1.33 kNm 2 
and 0-133 kNm 2 respectively and an accuracy of ±2%. 
Samples were. vacuum distilled to remove impurities by 
repeated freeze-pump-thaw cycles. The lowest possible 
pressure which resulted in an acceptable signal-to-noise 
ratio was used. This was. to minimise the number of 
collisions in the fluorescent lifetime of the sample, thus 
ensuring that any, rotational or. vibrational distributions 
obtained were as close to being nascent as possible. 
Focussing the beam resulted in a spot size of a few mm 2 
and consequently peak intensities of 0.1-1.0 GWcm 2 were 
readily achieved with laser energies of 100-800 mJ. The 
laser energy was monitored using a Gentec ED200 or ED500 
pyroelectric joulemeter positioned behind the cell. Since 
low pressures were employed and. multiphoton absorption is 
a weak process the effects of absorption of the radiation 
by the sample on the laser' energy were negligible. 
Fluorescence was detected at right angles to the 
direction of . propagation of the laser beam. The fluorescence 
was dispersed using a monochromator and the dispersed 
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fluorescence detected by a photomultiplier. The output 
from the photomultiplier was sent to a boxcar averager for 
signal processing and subsequently displayed on a chart 
recorder. The monochromator wavelength was scanned at 
such a rate that the boxcar averager sampled 5-10 shots 
per wavelength setting. 
2.4 	Measurement of the Two Photon Absorption Spectrum 
of H20 using a Tunable KrF Laser 
The two photon absorption spectrum of H 2  0 in the 
region 248.1-248.7.nm was measured using the injection locked, 
tunable KrF excimer laser. at the UV Radiation Facility 
and. the experimental set-up illustrated in Figure 2.6. 
The 30%. variation in the laser energy from pulse to pulse 
and the variation of the locking efficiency as the laser 
was tuned meant that it was necessary to correct the 
OH(A2 E - x 2 11) fluorescence intensity for laser intensity. 
Fluorescence was observed at right angles to the 
laser beam propagation. direction using collection optics 
(f. ='5 cm lens), a small Jobin-Yvon monochromator and a 
photomuItiplier. The laser intensity was sufficient to 
induce air breakdown..when the beam. was focussed, therefore 
the alignment was optimised by filling the cell with air and 
monitoring the signal from the photomultiplier as it 
detected the air breakdown spark. The laser energy was 
monitored using an EG & G UV-2.15BQ photodiode (PD) 
positioned approximately. 10 metres away from a. 10% beam- 
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Figure 2.6 Experimental arrangement for measuring the two-photon absorption 
spectrum of H 2  0 in the region 248.1 - 248.7 nm. 
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splitter used to divert a fraction of the beam. Spatial 
filtering using two pinholes preferentially rejected 
the more divergent broadband radiation and ensured that 
only the energy of the injection-locked beam was monitored. 
The KrF laser wavelength; and percentage locking were 
monitored using a combination of an EG & G OMA 2 optical 
multichannel analyser and the Monospek 600 monochromator 
operating in the 5th order. Wavelength calibration was 
achieved using iron and neon emission lines from an S & J 
Juniper iron hollow cathode lamp (Fe lines: 413.2058 nm 
and 414.3869 nm in the 3rd order, Ne line: 621.7281 nm in 
the 2nd order). The built-in functions in the aMA micro- 
processor controller were utilised to calculate the relative 
areas of the injection-locked and broadband outputs and 
hence obtain the locking efficiency. 
The Biomation 8100 transient recorder, operating in 
dual channel mode, recorded both the OH fluorescence signal 
and the laser energy. Preamplifiers were used to alter 
the decay time of each waveform, enabling the whole of 
each waveform to be recorded on. the same timebase. The 
Apple . II microcomputer controlled the experiment and carried 
out data processing.. It. was interfaced to the Biomation 
8100 transient recorder. by Mr. A. King. To keep jitter 
on the triggering of the thyratrons down to a minimum, 
the laser had to be fired at a repetition rate of at least 
1 Hz. Consequently, the Apple II control programs had to 
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be written in 6502 Assembly Language to achieve the 
necessary speed. These were written with the aid of 
Dr. C. Nokes. The Apple II armed the Biomation 8100, 
fired the laser, converted the Biomation 8100 output from 
two's complement to binary, subtracted a baseline from both 
the OH fluorescence and laser energy signals, summed the 
values of the Biomation channels to obtain the area under 
both waveforms and hence the intensities, and kept account 
of the number of laser shots fired. Eighty-five shots were 
collected for each KrF laser wavelength. Tuning of the 
laser wavelength was not controlled by the Apple II but was 
achieved using a pulse generator to drive the stepper motor. 
Data processing programs were written in BASIC and will 
be described in detail in Chapter Three. To summarise, 
the OH fluorescence intensity, laser energy locking 
efficiency and wavelength were recorded for a total of 
eighty-five shots at each laser wavelength. Sixty-nine 
points over the wavelength range 248.1-248.7 nm were 
recorded. 
2.5 Quenching Rate Measurements 
Measurement of the fluorescence lifetime of a molecule 
as a function of pressure of added gas can be used to 
measure the radiative lifetime of the molecule and the 
rate of quenching by the added gas. Multiphoton 
dissociation of . a parent molecule can often produce a homo-
geneous distribution of. an electronically excited radical 
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and therefore the rate of quenching of the radical by the 
parent molecule is readily obtained. Measurements of 
quenching rates were carried out using the set-up 
constructed by Dr. C. Nokes and illustrated in Figure 2.7. 
The output from a Lambda Physik EMG500 excimer 
laser was focussed into a photolysis cell containing the 
molecule of interest and photofraginent fluorescence was 
observed at right angles to the beam using a monochromator 
and a photomultiplier. The output from the photomultiplier 
was sent to a Biomation 8100 transient recorder, matching 
the 50 0 input impedance of the Biomation 8100 by 
connecting a 50 S2 resistor across the earth and anode of 
the photomultiplier. The transient recorder and the laser 
were both interfaced to an Apple II microcomputer, 
therefore initiation of the experiment, data acquisition, 
averaging and analysis were controlled by computer. A 
maximum of 100 shots., but typically 20, were averaged for 
each sample pressure. A least squares fit of the averaged 
decay curve to an exponential decay to yield the decay 
constant was obtained before sending the curves to a floppy 
disc for storage. A. visual display of the data was shown 
on a monitor, to allow, the analysis limits to be chosen, 
along with a semi-lâgarithmic plot of the data to check 
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Figure 2.7 Experimental apparatus for measuring the 
quenching kinetics of electronically 
excited radicals. 
- 40 - 
CHAPTER THREE 
Two Photon Dissociation of H 2  0 and D 20 
Using a KrF Excimer Laser 
3.1 	Introduction 
The spectroscopy and photochemistry of the lower 
lying states of H 2  0 and D 2  0 have been the subjects of 
numerous experimental and theoretical studies over the past 
fifty years. A large number of theoretical calculations on 
the nature and the potential surfaces of the excited states 
of water (26)  have been undertaken because the simplicity of 
the H 2  0 molecule lends itself to calculation. The vacuum 
ultraviolet absorption spectrum (see Figure 	 has 
been analysed in detail and the products of photodissociation, 
their quantum yields and internal energy distributions have 
been determined at several excitation wavelengths. 
Despite this intense effort, there are still a number of 
questions which remain unanswered. In particular, the 
precise nature of the upper states in the lower transitions 
remains in doubt 26 ; some workers have assigned these as 
Rydberg transitions while others prefer. valence shell 
transitions and still others have described the upper states 
as mixtures of Rydberg and. valence shell states 48 . 
Similarly, the interpretation of the energy disposal in the 
fragments from photodissociation and how the disposal is 
affected by the form of the upper potential surface is not 










<0 . 5 
 
1200 	1300 	1400 	1500 	1600 	1700 	1800 	1900 
Figure 3.1 	Vacuum ultraviolet absorption spectrum of H 20. 
- 41 - 
The ground state of H 20, X 1 A 1 , is bent and of C 2 
symmetry with an HOH bond angle of 105.2 0 and OH bond 
length of 0.956 	(50) and has the electronic configuration 
(1a 1 ) 2 (2a 1 ) 2 (1b2 ) 2(3a1) 
2  (1b1) 2 	The corresponding figures 
for the deuterated analogue, D 2  0 are 104.9 ° and 0.957 
R (50) 
The lb 1 valence shell orbital is very nearly a pure 2p 
atomic orbital of the 0 atom, oriented perpendicular to the 
molecular plane, and is essentially non-bonding. The 3a 1 
orbital is largely a 2p atomic orbital of the 0 atom lying 
along the C 2 axis with some mixing with the is atomic 
orbitals of the H atoms and is the orbital responsible for 
the bent geometry of ground state water. These two orbitals 
are higher in energy than the other orbitals therefore the 
lower lying states result from transitions from the lb 1 or 
3a 1 orbitals. 
The absorption spectrum of water is shown in Figure 3.1. 
The first continuum from 145 to 190 nm with A 	'.'167 nm max 
has been assigned by McGlynn et a1 51 to the intravalency 
shell transition 
2 (lb 1 ) (4a 1 ) A 1 B 1 	. . . . (3a 
2  (1b1  2 
which may include some Rydberg character from the 3sa 1 
orbital (52)  associated with the 2p + 3s transition of the 0 
atom. The oscillator strength for the transition is 
0.041 which is consistent with an allowed Rydberg transition 
but rather small for a valence shell transition. However 
the lb 1 4a 1 transition is equivalent to an allowed n 
transition which would have low intensity, therefore the 
oscillator strength is not inconsistent with this intravalence 
transition. 
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The following dissociation channels are energetically 
feasible from the A 1 B 1 state: 
	
H 20 - 	H 2 (X 1 E) 	+ O( 3P) A <246 nm 	 (3.1) 
H( 2S) 	+ OH(X 2 JI) 	A <242 nm 	 (3.2) 
- 	H 2 (XE) 	+ O( 1 D) A <177 nm 	 . 	(3.3) 
Channel (3.2) was the only channel observed for excitation 
wavelengths in the range 145-185 nm 53 and the quantum 
yield, 0, for OH(X211) radical production was greater than 
99%. This suggests an energy barrier for dissociation to 
produce H2 and 0( 3P or 1 D) which is supported by potential 
surface calculations (54) . Welge and Stuhl 55 found that 
the OH(X2r1) radicals produced had very little internal 
excitation in the range 145-185 nm, therefore any excess 
energy after dissociation must produce translationally 
hot H atoms. This has been verified recently by the work 
(56-58) of Andresen et al . 	who carried out a highly detailed 
investigation of the energy distribution in OH(X 2 11) 
following photodissociation of water by a F 2 excimer laser 
operating at 157 nm. The. vibrational distribution in 
OH(X2r1), the polarisation and the rotational and A-doublet 
distributions in OH(X2r1,. v'' = 0) were obtained using 
laser induced fluorescence for H20 at 300 K and at '\'lO K. 
The 23310 cm of excess energy was partitioned into 88.5% 
translation, 9.5%. vibration and 2% rotation. The 
vibrational distribution for. v.'' = 0, 1 and 2 was 1 : 1 : 0.15 
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respectively, while the rotational distributions were 
near-Boltzmann (with a temperature of 930 K for v'' = 0 
and 840 K for v'' = 1) from 300 K H 2  0 but deviated from 
Boltzmann statistics for dissociation of 10 K H 20. 
The 2  11 1/2  and 211,2 spin states were statistically 
populated but the A-doublets were highly inverted with 
the degree of inversion increasing rapidly with rotational 
quantum number and decreasing as the initial temperature 
of the parent H 2  0 increased. The polarisation ratios were 
large and strongly dependent on rotational quantum number 
and decreased with increasing water temperature. Neither 
the quasidiatomic model (23)  nor Franck-Condon (35)  models 
of photodissociation were able to predict the observed 
rotational and vibrational distributions indicating that 
final state interactions on the A 1 B 1 potential energy surface 
were dominant. The polarisation results and A-doublet 
inversion were consistent with a completely planar 
dissociation process, i.e. the OH(X2r1) rotates in the 
original H 20 plane after dissociation, and the A-doublet 
inversion indicated that photodissociation of H 20 in 
the. vacuum ultraviolet is possibly responsible for the 
astronomical OH maser. 
The second absorption band of water is another 
continuum which stretches from A".143 nm to X120 nm, the 
short. wavelength end of which underlies some structured 
Rydberg bands. The second continuum consists of a long 
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progression in the bending mode 	".800 cm- 
1  with 
This is consistent with the transition from the 
H-H bonding 3a 1 orbital to the non-bonding Rydberg 3sa 1 
orbital, namely, 
...(3a 1 )(1b 1 ) 2 (3sa 1 )B 1 A 1 	...(3a 1 ) 2 (1b 1 ) 2X 1 A 1 
which would excite the \ 	bending mode 5 '. In addition 
to the dissociation channels (3.1)-(3.3), the following 
channels are energetically accessible from the B 1 A 1 state: 
H 2 0 	H( 2S) + OH(A2 E) 
	
A <137. nm 	(3.4) 
+ 
	 + O( 1 S) 
	
A <134 nm 	(3.5) 
+ 2H( 2 S) 
	
+ O( 3P) 
	
A <129 nm 	(3.6) 
Lee (59)  measured thp quantum yield of OH(A2 E) in the 
region 105-137 rim using synchrotron radiation and found that 
it was less than 11% with a maximum at 130 rim. Stief et 
al (53)  observed a quantum yield for O( 1 D) production of 
Ø(O( D)] = 11% for excitation in the region 105-145 nm. 
They did not observe O( 3P) and therefore deduced that 
Ø(oH(x211 + A2 E)] = 89%. However, Slanger and Black
(60)  
measured a quantum yield for 0( 3  P)of 0[0( 3.  PH= 12% with 
121.6 nm excitation. via channel (3.6) therefore taking into 
account all measurements Ø.[O( D)] 11%, 0[0( 3P)] 	12%, 
Ø[OH(A2 E)] < 11% and (OH(X 2 rI)] 	66%. The branching 
ratios between the. various dissociation channels can be 
rationalised by considering the potential energy surface 
for the 9 1 A state calculated by Flouquet and Horsley (42)  
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using SCF-CI calculations. The B 1 A 1 state becomes 
in the linear configuration and correlates with OH(X 211) + 
H(2S) 
(61) 	In the bent configuration the VA  state 
correlates with OH(A2 Z) + H( 2 S) under Cs  point group 
symmetry 6 . Therefore the B 1 A 1 state potential energy 
surface is dominated by a conical intersection with the 
ground state surface at the linear configuration. Promotion 
of an H-H bonding 3a 1 electron to a non-bonding 3sa 1 
Rydberg orbital will promote a straightening of the H-O-H 
bond and as the molecule approaches linearity, dissociation 
resulting in the production of OH(X2 11) + H( 2S) could 
occur. In C2,, point group symmetry, the VA  state 
correlates with H2 (1  Z) and .0 ( 1 D). However, Flouquet 
and Horsley (42)  have shown that there .is a ca. 5 eV 
potential energy barrier to dissociation resulting in 
and 0(D) because of an avoided crossing with a 
1 A 1 state of configuration (1b 2 ) ° ( 3a 1 ) 2 (4a 1 ) 2 . 
The 0H(A2 E) fragment formed from dissociation of H 2  0 
on the B 1 A 1 surface shows an abnormally high degree of 
rotation (6264) Several workers have observed a rotational 
distribution in OH(A2 E,. v' = 0) which has a maximum at 
the highest energetically accessible rotational level following 
photodissociation of water at 123.6 nm. Okabe (63)  
observed that 71% of the excess energy was partitioned into 
internal energy of the OH fragment whereas the quasi-
diatomic model of photodissociation predicted 0.3%. The 
equilibrium geometry model (30)  qualitatively predicted a 
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high degree of rotational excitation: the torque resulting 
from the straightening of the H-O-H bond upon excitation 
from the bent ground state to the linear VA  state 
(or from predissociation of the bent C 1 B 1 state by the 
linear B 1 A 1 state) was transformed into high rotation of 
the OH(A2 E) fragment after dissociation. However, the 
equilibrium geometry model failed in the light of some 
experimental results which indicated that final state 
interactions on the VA  surface were important. At certain 
66) wavelengths in the region 129-136 nm (65, 	, the rotational 
2 ~ 
population distribution of the OHM 2
- 
 , v' = 0) fragment 
appeared to have two components, the abnormal highly 
excited distribution and a second thermal distribution. 
Segev and Shapiro (41) have recently carried out three 
dimensional quantum mechanical calculations on the photo-
dissociation process using the B 1 A 1 potential surface of 
Flouquet and Horsley ( 42 ) These calculations show that 
the two distributions arise from two different trajectories 
of the H  2  0 molecule across the hypersurface. This will 
be discussed in more detail in section 3.3.2. 
To shorter wavelength, at A '124 nm, a structured 
band in the absorption spectrum is observed. This has been 
analysed by Johns ( 67,68 )  and assigned to the Rydberg 
transition 
(3a 1 ) 2 (m 1 ) (3pa 1 ) C 1 B 1 	 ... (3a1) 2  (1b 1)21A1 
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From the analysis, an OH bond length of 0.998 R and an 
HOH bond angle of 109.1 0 were obtained (1.002 R and 108.7 0  
respectively for D 20). The rotational structure in the 
band was quite sharp, more so in D 20, although it became 
more diffuse at higher rotational levels. This implied 
that the C 1 B 1 state was heterogeneously predissociated, 
probably by rotation about the a-axis coupling it to 
the B 1 A1 state. 
Ashf old et al (69,70)  have recently completed a more 
detailed investigation of the predissociation of the 61B  
state using the technique of (3+1) multiphoton ionisation. 
Differences were observed between the experimental (3+1) 
multiphoton ionisation spectrum and that predicted by 
asymmetric top three photon line strength theory and 
these were attributed to C 1 B 1 state predissociation. 'Two 
predissociation mechanisms were observed; the hetero-
geneous predissociation identified by Johns (67,68)  and 
caused by a-axis rotation coupling the C B state to an 
unbound A1 state, and a second homogeneous predissociation 
attributed to a dissociative state of B 1 symmetry. 
Again using the technique of (3+1) multiphoton 
ionisation spectroscopy, Ashfold et al 7'1 have discovered 
a new electronic state of water, D ' , with the (000) origin 
at 84434 cm- 1.  Rotational analysis revealed that the 
new state was of B 1 symmetry and comparatively small 
changes in molecular geometry occurred upon electronic 
excitation. They therefore concluded 'that the P" 1 B 1 state 
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was derived from electron promotion from the non-
bonding lb 1 orbital rather than the H-H bonding 3a 1 
orbital and tentatively proposed the I5" B state arose 
via a 3da 1 - lb 1 electron promotion. 
The C 1 B 1 state is a member of the 3p Rydberg complex, 
the degeneracy of which is split by the asymmetry of the 
molecular core. The second member of the complex is observed 
at 121.9 nm and has been assigned (72)to  the Rydberg 
transition 
... (3a 1 ) 2 (lb 1 )(3pb 1 )J 1 A1 	...(3a 1 ) 2 (ib 1 ) 2)A1 
The rotational structure was more diffuse than in the C 1 B 1 
state and the D 1 A 1 state is probably predissociated by the 
B 1 A1 state. An inverted rotational distribution in the 
2+ OH(A E ) fragment was again observed upon dissociation of 
water from the 61A  state (62)  (and in OD(A2 E) from D 20 
photodissociation (73)). The final member of the 3p 
Rydberg complex, 
... (3a 1 ) 2 (1b 1 ) (3pb2 )A2 
has never been observed because A2-A1 transitions are 
forbidden for single photon excitation. From the 
experimentally observed positions of the origins of the 
D 1 A1 and CB 1 states and calculations on the degree of 
rotation-electronic interaction between' these states, 
Johns (68)  estimated that the 'A2 state should be 
positioned at approximately 128.5 nm. However SCF/CI 
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calculations (74,75) indicated that the 1 A2 state should 
be found at ca. 136.3 nm and this was supported by some 
indirect evidence from electron impact studies 76 . 
It can be seen, therefore, that a large amount of 
work is still required before the spectroscopy and 
dynamics of the low-lying states of H 20 and D 2  0 are fully 
understood. At the time research for this thesis 
commenced, there was only one example of multiphoton 
excitation of water in the literature; Wang and Davis (77)  
reported the two photon dissociation of H 2  0 in the region 
281-287 nm resulting in the generation of OH(X 2 r1) radicals 
which were then excited to OH(A2 E) in the same laser 
pulse via the resonant OH(A 2 + E , v
,  =+1 	2 - X H ' -v 11 = 0) 
transition. The intention of this research was to utilise 
the high intensity of excimer lasers to induce multiphoton 
dissociation of water and its deuterated analogue. The 
selection rules for multiphoton processes are complimentary 
to those for single photon excitation therefore the 
object was to obtain hitherto inaccessible experimental 
results in order to gain further insight into the 
dynamics of the photodissociation of H 20 and D20 in the 
vacuum ultraviolet. 
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3.2 	Experimental and Results 
3.2.1 Experimental 
A detailed description of the experimental set-up is 
presented in Chapter Two. 
The output of a Lambda Physik EMG500 or EMG201 laser 
operating on the 248.4 nm KrF line was focussed by a 
20 cm focal length lens into a photolysis cell containing 
deionised H20/D20. The samples were vacuum distilled to 
remove dissolved air or other impurities by repeated 
freeze-pump-thaw cycles. For H 20, pressures in the range 
13 Nn1 2 - 2 kNm 2 were used, whereas spectra were recorded 
at a pressure of 13 Nm 2 for D 2  0 because OD fluorescence 
was more intense than OH fluorescence. Fluorescence was 
dispersed using a McKee Pederson MP1018B or Monospek 600 
monochromator and detected by an EMI 9781B or 9661B or 
Hamamatsu R928 photomuItiplier. The best resolution 
consistent with an acceptable signal-to-noise ratio was 
obtained using the Monospek 600 in the second order with a 
slit width of 250 p.m for H 2  0 (resolution 0.18 nm FWHM) and 
220 p.m for D 2  0 (resolution 0.16 nm FWHM). The output from 
the photomultiplier was sent to a Brookdeal 9415/9425 
boxcar for signal processing and subsequently displayed on a 
chart recorder. A gatewidth of 100 ns and a delay such 
that the gate was situated at the maximum of the fluorescence 
signal minimised the effect of . a change in the decay rate 
of the signal caused by, for example, different sample 
pressures or a change in the lifetime of the emitting 
species. The latter does in fact occur for OH(A 2 E,. v' = 0) 
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where the lifetime varies from 750 ns to >1 4s as the 
value of the rotational quantum number increases (78) For 
experiments using the line-narrowed, injection-locked 
tunable KrF excimer laser, the photolysis cell was filled 
with 67 Nm 2 of H20. Fluorescence was detected by a small 
Jobin-Yvon monochromator' and an EMI 9781R photomultiplier. 
The monochromator was positioned at 310 nm with a bandpass of 
6 nm and was therefore collecting fluorescence from the 
R 1 , R2 , Q1 and Q2 branches and lower rotational levels 
of the P 1 and P2 branches of the OH(A2 E, v' = 0 - X2 11, 
VII = 0) transition. 
3.2.2 Results 
Preliminary investigations (79)  using focussed and 
unfocussed 193.3 nm radiation revealed that no OH or OD 
fluorescence was produced when either H2O or D 2  0 was 
excited by the ArF laser line. 
Following photodissociation of H20/D 20 at 248.4 nm with 
the KrF laser line, photofragment fluorescence from OH/CD 
2+ 	 2 (A E I. V' = 0 - X 11, v. 	= 0) was observed in the region 
306-322 tim. The spectra are shown in Figures 3.2 and 3.3 
respectively. These were recorded in the 2nd order using 
the Monospek 600 monochromator giving a resolution of 0.18 nm 
FWHM for H2O and 0.16 nm FWHM for D20. Fluorescence from 
levels in the A2E+  state with. v ' > 1 was not observed 
under the signal-to-noise conditions. The. vibrational 
transition probabilities for the (0,0) band at 308 nm and 
the (1,0) band at 286 nm of the OH(A-X). transition are 
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Figure 3.2 OH(A2 Z, v' = 0 	X211, v'' = 0) photofragment fluorescence following 
..two-photon excitation of H 20 (pressure = 1.5 kNn(2 ) at 248.4 nm 
(KrF laser). 
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Figure 3.3 	OD(A 2 + E , v ,  = 0 -* 2 X H, v' = 0) photo fragment fluorescence following 
two-photon excitation of D 20 (pressure = 13 Nm 2 ) at 248.4 nm (KrF laser) 
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1.000 and 0.334 respectively (80)•  Therefore due to the 
absence of any measurable intensity for the (1,0) band, 
vibrational excitation was assumed negligible. 
A measurement of the dependence of the fluorescence 
intensity on laser energy was taken for 1120  and D 2  0 
(Figure 3.4). This was found to be quadratic within 
experimental error for both molecules suggesting that 
OH/OD (A'2 + E ) radicals were formed by two photon processes. 
The pressure in the cell was varied over the range 
13 Nm 2 - 2 kNn(2 for H 2  0 and it was found that the 
fluorescence intensity increased slowly with pressure. 
The signal-to-noise ratio was insufficient to enable 
elucidation of the rotational distribution at low pressures 
but inspection of the OH(A-X) band contour (Figure 3.5) 
revealed that the observed rotational distribution was 
essentially invariant with pressure. From gas kinetic 
theory 81 , the collision frequency, Z, of a single 
molecule, A, in a. mixture of A and B is 
2- 	-1 Z .= fla 	VCB S_ 
where CB  is the concentration of B in molecules cm- 3 
M 
H 
- 	.'''8kT 	is the average magnitude of the 
relative, velocity of A and B. 
II- 
	
MAMB 	is the reduced mass of the system 
mA+mB 
AB = 	A + aB) with A  and  B  being the collision 
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Figure 3.4 	Dependence of OH/OD(A2 	X211) fluorescence intensity on laser energy 
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Figure 3.5 	 v' = 0 - X2 H, V' 1 = 0) fluorescence 
band contour as a function of H 2  0 pressure 
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Now, aOH 0, 1 x 10-10  m and a H2O 	2.7 x 
10-10 m82, 
therefore for OH + H2O at 293 K, Z = (9.17 x 10- 
11  )c 
The radiative rate of OH(A2 E, v' 	0) is krad z 1.43: i06 	
1( 
consequently to observe fluorescence from OH(A2E+)  under 
essentially collision free conditions, CH2 < 1.5 x i0 16 
molecules cm 3 , i.e. less than 64 Nm 2 . Therefore, the 
observation that the nascent rotational distribution was 
still essentially preserved at pressures up to 2 kNm 2 
implied that rotational relaxation of OH(A2 E) was much 
slower than electronic quenching by H20. Kaneko et al (83)  
measured rates of ca. 1 x 10-10  cm3 molecule- 1 s 1 for 
rotational relaxation and Ca. 5 x 10-10  cm3 molecule - 1 s 1 
for electronic quenching of OH(A2 E+ ) by H 2  0 which support 
this argument. 
The assignment of the OH rotational levels in 
Figure 3.2 followed that of Goldman and Gillis (84)  and for 
OD in Figure 3.3 followed that of dyne et al (85) The 
rotational structure of the OH/OD (A2 E, v' = 0 + X2 11, 
V-11 = 0) band is quite complex and a description of the 
relevant spectroscopy is presented in Appendix 1. On first 
inspection of Figures 3.2 and 3.3, it is apparent that 
rotational levels with. values of the rotational quantum 
number K' up to 20 for OH and 26 for OD were populated. 
2+  Assuming that OH(A E ,. v ,  . = 0) radicals were formed by a 
two photon dissociation of H20, the energy available, Eav 
for partitioning into rotation from conservation of energy is 
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Eav = 2hv - D(H - OH) - E0 (OH, A2 E) 	(3.8) 
where hv is the energy of a 248.4 nm KrF photon (40258 cm). 
D0 (H-OH) is the dissociation, energy for the H-OH bond in 
water (41280 ± 100 cm) 86 and E0 (OH I A2 E) is the 
-1 (87) 
electronic energy of the OH fragment (32440 cm ) 
Therefore, Eav = 6796 ± 100 cm for H 2  0 and the 
corresponding values for D 2  0 are D0 (D - OD) = 41942 cm 162 ', 
E0 (OD, A2 E) = 32477 cni1 (85)  and Eav = 6097 cm. The 
rotational term values, F(K), for a diatomic are 
F(K) = BK(K+1) where B is the rotational constant 
(16.965 cm 	for OH(A2 E, v' = 0) and 9.034 cm- 
1  for 
OD(A2E, V 1 = 0) (88))• Consequently, the maximum 
energetically accessible rotational level from. two photon 
dissociation is K' = 19 for OHM 2E) and K' = 25 for 
OD(A2E). Inclusion of the energy due to H 20/D 20 being 
at ambient room temperature (ca. 200 cm at 20 °C) and 
allowing for the fact that the laser linewidth is ca. 
60 cm increases the maximum levels to K' =20 and 26 
respectively. On first inspection, therefore, there 
appears to be a considerable degree of rotational excitation 
in the OH/OD spectra. 
The intensity, Ii'lKlI1  of a rovibronic band in 
the OH/OD (A2 E, v' = 0 - Xjr, v'' = 0) transition is 
v'K' 	 v'K' 	v'K' 
I 	=Nv,K, h 	 A 	 (2K' + 1) 	(3.9 
v' 'K' ' r' v' 'K' 
v'K' 
where v, 'K''  is the transition frequency in cm 1 
Nv,K, is the population of the rotational level, K', 
in OH(A2 E, v' = 0) 
v'K' 
'K'' is the Einstein A coefficient in s 1 
and (2K' + 1) is the degeneracy of the level K'. 
The Einstein A coefficient 
v'K' 	6411 
'K' = 3h 
v'K' 	 v'K' 
SK,K,, .(vv,,K,,)3/(2K' + 1) 
(3.1 
v'K' 
where P VIIKII  is the rovibrational transition probability and 
it 




 varies by approximately 5% over the OH/OD 
(A2 E, v' = 0 - X 211, v'' = 0) band for K' <20/26, to a 
good approximation 
v'K' 	v'K' 
Nv K 	= Iv,,K,,/Av,,K,, 	(2K' + 1) 
	
(3.1 
Therefore, correcting the observed intensity for each line by 
the appropriate transition probability should reveal the 
rotational population distribution in OH/OD (A 2  E +. , v' = 0). 
However, in practice it becomes more complicated because many 
of the lines overlap each other, especially in the region of thE 
R1 , R2 and Q branch heads. To surmount this problem a 
computer program was developed which iteratively derived the 
rotational population distribution which gave the best 
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least squares fit to the experimental spectrum and this 
program is described in detail in Appendix 2. The OH/OD 
experimental spectra were digitised and assuming a FWHM of 
0.18 nm (OH) and 0.16 nm (OD), fits corresponding to a 
standard deviation of ±8.2% and ±9.4% were obtained for 
OH and OD respectively. Comparisons between the calculated 
and experimental spectra are presented in Figure 3.6 (OH) 
and Figure 3.7 (OD), and the derived rotational population 
distributions are plotted in Figures 3.8 and 3.9 respectively. 
Turning now to experiments carried out using the line-
narrowed tunable KrF laser, the two photon absorption 
spectrum of H 2  0 was recorded in the region 248.1 - 248.7 nm 
by monitoring the intensity of OH(A 2 E, v' = 0 - X2]1, v'' = 0) 
fluorescence as a function of laser wavelength. This is 
equivalent to an excitation spectrum, except in this case 
fluorescence from a fragment rather than from the parent 
molecule is monitored. A measurement of the dependence 
of the fluorescence intensity on laser energy was taken 
at 248.46 mm and found to be proportional to the laser 
energy raised to the power 0.9 ± 0.2. The laser energy was 
varied either by inserting a cell filled with several 
pressures of benzene in front of the photolysis cell or 
by placing. varying numbers of Spectrosil flats in the beam. 
A power dependence of near-unity for a simultaneous two 
photon excitation was indicative of an intensity-dependent 
removal process from the upper state. The ionisation 
potential of H2O is 12.618 eV (101770.5 cm1) (40), 
therefore it was likely that this process was (2+1) multi- 
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Figure 3.6 	Experimental (upper) OH(A 2 E + X
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 R) fluorescence 
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Figure 3.7 Experimental (upper) OD(A2 E - X 211) fluorescence 
spectrum and simulated (lower) OD(A 
2 E + 	X2 TI) 
fluorescence spectrum. 
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photon ionisation. Fluorescence was collected from positions 
up to 2 cm away from the focus to attempt to reduce the 
probability of the multiphoton ionisation process but 
the same power dependence was observed. It was not possible 
to observe fluorescence from further away from the focus 
without damaging the Spectrosil windows because of the 
geometrical constraints of the photolysis cell. 
For each laser wavelength, the OH fluorescence 
intensity, the laser energy and the laser locking efficiency 
were recorded and the raw data processed in the following 
manner using an Apple II microcomputer. 
The average and standard deviation of the eighty 
five shots recorded at each wavelength were calculated for both 
the fluorescence and energy signals. Any shot outwith three 
standard deviations was omitted in order to remove 'dud' 
shots, i.e. shots in which injection-locking did not occur. 
This procedure never accounted for more than five shots. 
The average of the 'good' shots was then corrected 
for. OH fluorescence produded.by broadband radiation. The 
fluorescence intensity produced by totally broadband radiation 
was recorded along with the percentage broadband radiation 
at any wavelength, consequently, assuming a power dependence 
of 0.9 for the fluorescence from broadband radiation, the 
required correction factor could be obtained. 
The OH fluorescence intensity was finally corrected 
for laser energy using the power dependence of 0.9 established 
earlier. Any changes, in the Biomation sensitivity setting 
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This analysis was carried out for every laser wave-
length in the region 248.1 - 248.7 nm to obtain a sixty-
nine point two photon absorption spectrum of water which is 
presented in Figure 3.10. 
The rotational structure in Figure 3.10 was assigned 
using the rotational constants for the C 1 B 1 state of Johns (68)  
and those of Benedict et a1 50 for the 1 A 1 ground state. 
H 2  0 is a prolate asymmetric rotor, therefore its rotational 
energy levels can. be calculated using the expression 
(neglecting centrifugal distortion) (91) 
F(JT) 	= 	(A + C)J(J + 1) + 	(A - C)E(ic) 	(3.12) 
where A, B and C are the rotational constants associated with 
the three principal moments of inertia axes. t is a label 
for identifying states and T. = Ka  - K  in the symmetric 
rotor limit where Ka  and K c are quantum numbers for rotation 
about the a and c axes respectively. J is the quantum 
number of total angular. momentum and Kal K = 0, 1, 2, ... J. 
E(K) is a function of the asymmetry parameter, K, and the 
rotational level, J T'  and is tabulated for the H20(C 1 B 1 ) 
and (XA1 ) states in Appendix 3, which also describes the 
relevant asymmetric rotor spectroscopy. K = ( 2B - A - C)/(A - 
and is tabulated in Table 3a along with the-rotational 
constants for the H 20(C 1 B 1 ) and (X 1 A 1 ) states. 
Figure 3.10 OH(A2 , V t = 0 - X2 11, V' 1 = 0) photofragment 
fluorescence excitation spectrum following 
- 	 two-photon dissociation of H20 using a line- 
narrowed, tunable KrF laser. 
2480.4 	2481.2 2482.0 	2482.8 	2483.6 	2484.4 	2485.2 	2486.0 	2486.8 
WAVELENGTH / 11 
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Table 3a Rotational Constants and Asymmetry Parameters 
for H20 (C 1 B 1 ) and (X 1 A 1 ) 
State 	A/cm 1 	B/cm 1 	C/cm 1 	 K 
X 1 A 1 	27.8778 	14.5092 	9.2869 	-0.438 
C 1 B 1 	25.90 	12.64 	8.55 	-0.529 
The selection rules for a two photon excitation B 1 ~ A 1 
in C 2,, symmetry are, in symmetric top terminology, 
AJ = 0, ±1, ±2 	 (3.13) 
L\Ka = 	0 1 ±2 1 ... 	 (3.14) 
AKC  = 	±1, ±3, ... 	 (3.15) 
where J is the rotational angular momentum and Ka l Kc its 
components along the axes with smallest and largest moments 
of inertia respectively. Higher terms in (3.14) and (3.15) 
have insignificant transition probabilities. The vibronic 
term. value for the H  2  0 C 1 B 1 state is 80624.7 cm 	
(67) 
and using this term. value, the above selection rules and 
equation (3.12), the rotational structure in Figure 3.10 
was assigned. Table 3b lists the spectral line positions 
and rotational assignments. 
Table 3b Line Positions and Rotational Assignments for 
the H20 (C1a1 	
a'I<c' 	
- XA 
OH(A2 E) Photofragment Fluorescence Excitation 
Spectrum 
v/Cm 1 2X/R Transition 
80424.3 2486.8 2 	 - 	3011 
80445.0 2486.2 414 	- 	31 
80445.9 2486.1 616 	- 
	
17 
80460.7 2485.7 615 - 6 34 
80475.0 2485.2 5 	 - 61615 
80487.3 2484.9 
4 13 - 	32 
80493.5 2484.7 3 12 - 	31 
80503.6 2484.4 




3 13 	- 
	14 
80538.2 2483.3 2 	 - 	1211 
80543.4 2483.1 4 14 	- 	31 
80554.7 2482.8 
4 14 	- 	13 
80555.8 2482.8 212 - 	13 
80580.1 2482.0 1 11 	- 	2 12 
80582.2 .2481.9 3
i3 	12 
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3.3 	Discussion 
On first inspection it was surprising that OH/OD(A 2Z) 
fluorescence was observed with 248.4 nm excitation of 
H20/D20 but not with 193.3 nm excitation. The energy of a 
193.3 run photon is much closer to resonance with the MB  
state of H 20/D20 than that of a 248.4 nm photon and 
therefore the probability of multiphoton excitation using 
ArF laser radiation will be much greater than with KrF 
laser radiation (see equation (1.4)). However, the energy 
of two 193.3 run photons is greater than the ionisation 
potential of H20/D20 and it seems likely that two photon 
ionisation of H20/D20 is dominant over two photon dissociation 
at 193.3 rim. 
There seems little doubt that OH/OD (A2 E) radicals 
were formed from H20/D20 by a coherent, simultaneous two 
photon dissociation at 248.4 nm. H 20 and D20 are transparent 
to absorption in the single photon region at 248..4 nm and 
consequently this cannot be a sequential two photon 
dissociation process. via an intermediate state. Furthermore, 
the energy of a KrF photon (40258 cm - 1  ) was insufficient 
to break the H-OH bond in H  2  0 (41280 cm required) or 
the D-OD bond in D  2  0 (41942 cm required). Consequently, 
it was not possible to produce OH/OD radicals by the 
process 
H20/D20 	+ hu 	(248.4 nm) - 	 OH/OD 	(X 2 1t) (3.16) 
2 OH/OD 	(X11) + 	hv 	(248.4 2 nm) ~ OH/OD (AE) (3.17) 
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since the first step in this mechanism was energetically 
inaccessible. The prospect that OH(A 2 E) radicals were 
formed by ion-electron recombination can be ruled out because 
the temporal profile of the OH(A 2 E) fluorescence signal 
had no discernible risetime indicating that OH(A 2 E) was 
formed directly. The quadratic dependence of the fluorescence 
intensity on the laser intensity supported a two-photon 
mechanism, therefore the evidence pointed to a coherent 
simultaneous two photon dissociation. Overtone excitation 
of very high vibrational levels in the H 20/D 2 0 (X 1A 1 ) 
ground state, a process forbidden in the harmonic oscillator 
limit, may have contributed slightly to the two photon 
excitation. 
3.3.1 Energy Partitioning in the Photodissociation 
The energy available for partitioning into vibration, 
rotation and translation upon photodissociation was defined 
in equation (3.8) and calculated to be 6796 cm for H 2 0 
and. 6097 cm for D20 assuming a two photon dissociation. 
There. was no energy partitioned into, vibration and that 
which was partitioned into rotation, ER,  was calculated 
using the rotational term, values and population distributions 
for OH/OD (A2 E,. v'. = 'O) radicals. Tables 3c and 3d 
list the rotational energy partitioning for OH and OD 
respectively. ER = 2279.3 cm for photodissociation of 
H 2  0 and ER = 1343 cm-  for D 2O, quantities which were 
33.5% and 22% of the available energy respectively. Hence 
66.5% and 78% of the available energy were partitioned 
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Table 3c Energy Partitioning into Rotation of 
OH(A 2 E, v' = 0) in the Two Photon Photo-
Dissociation of H 2  0 at 248.4 nm 
K' 	Population 	Term Value/cm1 	ER/cm1 
0 0.048 0.0 0.0 
1 0.097 33.8 3.3 
2 0.070 101.5 7.1 
3. 0.062 203.0 12.6 
4 0.045 338.0 15.2 
5 0.039 506.6 19.8 
6 0.037 708.2 26.2 
7 0.020 942.8 18.9 
8 0.026 1209.9 31.5 
9 0.028 1509.2 42.3 
10 0.030 1840.1 55.2 
11 0.040 2202.4 88.1 
12 0.048 2595.4 124.6 
13 0.070 3018.5 211.3 
14 0.066 3471.1 229.1 
15 0.059 3952.7 233.2 
16 0.059 4462.4 263.3 
17 0.048 4999.7 240.0 
18 0.044 5563.4 244.8 
19 0.044 6153.1 270.7 
.20 . 	S0.021. . 	 .6.768.5 . 	 1.42.1. 	. 	. 
ER = EER = 2279.3 cm 
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Table 3d Energy Partitioning into Rotation of 
OD(A2 E, v' = 0) in the Two Photon Dissociation 
of D 2  0 at 248.4 nm 
K' 	Population 	Term Value/cm 1 
0 - 0.0 - 
1 - 18.2 - 
2 0.019 54.4 1.0 
3 0.116 108.6 12.6 
4 0.209 180.9 37.8 
5 0.037 271.1 10.0 
6 0.127 379.2 48.2 
7 0.051 505.1 25.8 
- 	 8 0.037 648.6 24.0 
9 0.026 809.8 21.2 
10 0.015 988.5 14.8 
11 0.002 1184.4 2.4 
12 0.017 1397.6 23.8 
13 0.019 1627.7 30.9 
14 0.022 1874.8 41.2 
15 0.031 2138.4 66.3 
16 0.036 2418.5 87.1 
17 0.036 2714.9 97.7 
18 0.042 3027.2 127.1 
19 0.037 	- 3355.3 124.1 
20 0.031 3699.0 114.7 
21 0.026 4057.9 105.5 
22 0.015 4431.8 66.5 
23 0.015 4820.4 72.3 
24 0.014 5223.4 73.1 
25 0.015 5640.6 84.6 
.26. 0.005.. 	,. 	
. .. 	 . 	
6071.4 30.4 
ER 	ZER = 1343.0 cm 
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into translation and by conservation of momentum the 
majority of this would be carried by the light H and D 
fragments. 
3.3.2 The OH/OD (A2 E) Rotational Distributions 
The derived OH/OD (A2 E) rotational population 
distributions (Figures 3.8 and 3.9) were both bimodal in 
appearance with maxima at K' = 1 and K' = 14 for OH and 
at K' = 4 and K' = 18 for OD. An attempt was made to 
rationalise these distributions using simple theories of 
photodissoc iat ion. 
The quasidiatomic model of photodissociation developed 
by Busch and Wilson (28) states that for H 20, 
ET = MO-H 	
E 	
= mO(mH + mOH) 	
E 	 (3.18) 
RHo_H av mOH(mO + mH) av 
= 	1 - 1O-H 	sin 2 O 	E 	= 	
- mO(mH + mOH ) 	2 
ER 	
R HOH av mOH(mO + mH) sin 0 E 
(3.19) 
1 -ROH 
and Ev = 
	RHOH 
1 -  
cos 2 O E 	
mO(mH + mOH) cos 
2 O•E av = 	m0(m0 + mH) 	 a 
(3.20) 
where 4 	 and 4 	 are the reduced masses of 0-H and HO-H 
respectively and 0 is the H-O-H angle at the moment of 
dissociation. Assuming that dissociation occurred from the 
.. 
C 1 B 1 state and therefore 0 = 109.1 0 , the theory predicted 
that ET = 6772.5 cm- 1  , ER = 21.0 cm 	and E = 2.5 cm-1 I 
which were 99.7%, 0.3% and 0.04% of the available energy 
respectively. The corresponding values for D 20, assuming 
that dissociation occurred from the C 1 B 1 state with 
0 = 108.7° were ET = 6021.7 cm 	(98.8%), ER = 67.6 cm 1 
(1.1%) and E = 7.7 cm 	(0.1%). Although the theory 
correctly predicted very little vibrational excitation, the 
values for ER  and hence ET  were totally inconsistent with 
the experimentally determined quantities of energy partitioned 
into rotation and translation in the photodissociation. 
Furthermore, the quasidiatomic model predicted more 
rotational excitation in D 2  0 photodissociation than in H 2  0 
photodissociation whereas the experimental result was the 
opposite. 
The quasidiatomic model of photodissociation assumed 
that the triatomic HOH was equivalent to a diatomic. H-(OH) 
and upon absorption of a photon, a repulsive potential 
equivalent to Eav  was instantaneously created between H and 0. 
Eav was initially converted into translational energy of H 
and 0 and the translational energy of 0 was subsequently 
converted into vibrational, rotational and translational 
energy of OH, conserving linear and angular momenta in the 
process. The model correctly predicted little vibrational 
excitation because the H atom was so light that the 
impulsive force the 0 atom felt as the H atom recoiled was 
not large enough to promote significant vibrational 
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excitation. The model failed to predict a large degree of 
rotational excitation in the photodissociation because it 
neglected the effect of changes in molecular geometry in 
the excitation and dissociation processes. 
The equilibrium geometry model of photodissociation 
proposed by Mitchell and Simons (30)  equated rotational 
and vibrational excitation in the photofragments with bond 
angle and bond length changes respectively in the excitation 
and dissociation steps. Assuming that OH(A 2E) radicals 
were formed from predissociation of the C 1 B 1 state of H 2  0 
by the B 1 A 1 state, the model qualitatively predicted little 
vibrational excitation and a high degree of rotational 
excitation in the OH(A2 E) fragment. The OH bond lengths 
in the R20 X1A1, 61B  states and OH(A 2 E) state are 
0.956 R , 0.998 	and 1.012 R respectively and is unknown 
in the dissociative BA 1 state. The corresponding values 
for D 2  0 and OD are 0.957 , 1.002 R and 1.012 R . Therefore 
the model successfully predicted a small degree of 
vibrational excitation because of the relatively small bond 
length changes which occurred upon photodissociation. 
Turning now to rotational excitation, the HOH bond angles 
in the X 1 A 1 , C 1 B 1 and 3 1 A1 states of H 2  0 are 105.2°, 109.1° 
and 180° respectively (104.97, 108.7° and 180 0 for D20). 
Consequently the large bond angle change involved in the 
predissociation of the C 1 B 1 state by the B 1 A 1 state was 
the cause of the high degree of rotational excitation in 
the OH/OD (A2 E) fragment. 
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Although the equilibrium geometry model successfully 
predicted in a very qualitative manner the energy partitioning 
in the two photon dissociation of H20/D20 at 248.4 nm, its 
limitations become apparent when a comparison is made of 
the energy partitioning from the two photon dissociation 
and from the near-isoenergetic single photon dissociation 
at 123.6 nm. Several authors (62-64) have studied the 
dissociation of H 2  0 at 123.6 nm using a krypton resonance 
lamp. Fluorescence from OHM 2E+)  was observed with a 
vibrational distribution of 1.0, 0.3 and <0.1 for v' = 0, 1 
and 2 respectively. Therefore, although there was only a 
marginal difference in the amount of energy put into the 
system in the one and two photon dissociations and the 
same states of H20 were involved, a significant difference 
in the degree of vibrational excitation was observed which 
cannot be predicted by the equilibrium geometry model. 
The rotational distribution in the OH(A2 E, v' = 0) 
fragment from 123.6 nm photodissociation was highly inverted 
with the distribution peaking at K' = 20, the maximum 
energetically accessible level (see Figure 3.2). This 
inverted rotational distribution has been previously 
rationalised as follows: excitation of H 2  0 at 123.6 mm 
populated the C 1 B 1 state which has a bond angle of 109.1 ° . 
Johns 67 analysed the H20 (C 1 B 1 	X1A1 ) transition and 
observed that the upper state was predissociated, probably 
by the unbound B 1 A 1 state. The latter state has a 
preferred linear equilibrium configuration because one of 
the electrons in the H-H bonding 3a 1 orbital in the ground 
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state has been promoted to the non-bonding 3sa 1 Rydberg 
orbital. Transfer onto Ehe B 1 A 1 surface therefore induced 
a large amplitude straightening motion which transformed 
into a highly excited rotation of the OH(A 2 + E ) fragment. 
However, on comparison of the 123.6 nm single photon 
inverted rotational distribution with the distribution 
obtained from two photon dissociation of H 2  0 at 248.4 nm 
(Figure 3.8), it was immediately obvious that the two photon 
distribution was cooler than the single photon distribution and 
approximated more to the bimodal type distribution observed 
66) by Vinogradov and Vilesov (65, 	at 133.6 nm. Since the 
VA  state was the only state in this energy region which 
correlated with OH(A 2 E), both single and two photon 
processes must have involved the B 1 A 1 state. Consequently, 
the simplistic idea that the rotational distribution was 
governed solely by bond angle changes in the absorption 
and predissociation steps was inaccurate and final state 
interactions on the B 1 A 1 potential energy surface must have 
been involved. 
Segev and Shapiro (41)  have recently carried out three 
dimensional quantum mechanical calculations of the vacuum 
ultraviolet photodissociation of H 20 in the region 129- 
136 nm. For these calculations, the H 20 (XA 1 ) potential 
surface was determined from spectroscopic data and the B 1 A 1 
surface of Flouquet and Horsley (42)  was used as the excited 
state. Contributions by other states were neglected and 
it was assumed that the temperature was zero Kelvin because 
these additional complications would have made the calculations 
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impossibly large. The dissociation process was envisioned 
as a transition from an initially bound state to a final 
scattering state and the quantum dynamics were solved by 
the artificial channel method. The calculations were 
successful in predicting the complicated structure of the 
H 2  0 photoabsorption spectrum from 129-136 nmwithout 
including perturbations from other. states. It was found 
that two extreme rotational distributions in the OH(A2 E) 
fragment were possible from consideration solely of the 
detailed dynamics.of the B 1 A1 surface and that the rotational 
distribution was a sensitive function of the excitation 
wavelength. The two extreme distributions were a product 
of different trajectories across the B 1 A 1 potential surface 
(Figure 3.11). An inverted rotational distribution 
resulted from a direct dissociation in which H 
2  0 executed 
a single straightening motion and dissociated without under-
going any bending. vibrations on the potential ridge on the 
B 1 A 1 surface. This dissociation occurred in ca. 10 4 
and preserved the nascent rotational excitation created by 
the bond angle change upon absorption. A second cooler 
distribution with a thermal component resulted from an 
indirect dissociation in which H 
2  0 executed a number of bending 
vibrations on the potential ridge. This occurred in ca. 10- 12_ 
13 10 	s and consequently resulted in some equilibration of 
the nascent rotational distribution. Therefore, the 
observed rotational distribution was dependent on which 
part of the Franck-Condon region of the B 1 A 1 state was 




® Classical turning points 
F.C. Franck-Condon region 
Figure 3.11 Three-dimensional representation of the H 2O(BA1 ) 
surface showing the two trajectories leading to 
direct (OFF) and indirect (ON) dissociation of 
R is the displacement of the departing H atom 
from the centre-of-mass of OH. y = cos -1 (R.r) 
where r is the OH radius vector (from ref. 41). 
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by results from the two photon dissociation of H 2  0 at 
266 nm 92 using the frequency-quadrupled output of a 
Nd:YAG laser. Hancock and Atkins (92)  observed a non- 
2 + inverted rotational distribution in the OH(A E , vs = 0) 
fragment, as predicted by Segev and Shapiro for excitation 
at 133 nm. Further support was provided by polarisation 
measurements of rotationally resolved OH(A2E+)  fluorescence 
following single photon dissociation of H20 at 130.4 nm. 
Simons and Smith (93)  Observed that low rotational levels 
were less aligned than high rotational levels indicating 
that the lower levels were longer lived. This confirmed 
the correlation between low rotational excitation and 
delayed dissociation which was revealed by Segev and 
Shapiro' s calculations. 
No quantitative comparison of these calculations can 
be made with the results presented here because no allowances 
were made for perturbations by other states, H 2  0 was 
assumed to be. at zero Kelvin and the calculations extended 
to 129 rim only. However, it is worth noting that the two 
photon distribution at 124.2 nm corresponds to an indirect 
dissociation on the B 1 A 1 surface whereas the single photon 
distribution at 123.6 
The difference may be 
krypton resonance lin 
it was found that the 
sensitive function of 
photon and two photon 
nm corresponds to a direct dissociation. 
due to the energy mismatch between the 
and two photons of KrF radiation since 
amount of rotational excitation was a 
excitation wavelength. The single 
dissociations may both occur. via 
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predissociation of the C 1 B 1 state by the B 1 A 1 state and 
differences in the OH(A 2 + , v' = 0) rotational distribution 
may be a consequence of the energy mismatch between the two 
excitations placing the H 2  0 molecule at slightly different 
positions on the B 1 A 1 potential surface. 
An alternative explanation (94)  for the different OH(A 2 E) 
rotational population distributions following single and 
two photon dissociation of H 2  0 involves the third member 
of the 3p Rydberg complex, the ... (3a 1 ) 2 (1b 1 )(3pb 2 ) 1 A2 state. 
This single photon forbidden 'A2 state was calculated by 
Johns (68)  to be in the wavelength region 128.5 nm. 
SCF/CI 74 ' 75 calculations and some indirect evidence from 
electron impact studies (76)  placed the 1  A 2  state at a 
somewhat lower energy of 136.3 nm. This was supported by 
the observation of a drop in the polarisation of OH(A 2 + 	2 E - X 11) 
fluorescence at ca. 136 nm 	The majority of the OH 
fluorescence in the region 126-137 nm was negatively 
polarised and attributed to photodissociation from H 2O(B ' A 1 ). 
At 136 nm there was an abrupt change in the fluorescence 
polarisation which was attributed to a perturbation by a state 
of B 1 symmetry which would be expected to produce 
fluorescence with a positive polarisation. It was postulated 
that this may be due to the 1 A2 state coupled with one 
quantum of the b 2 antisyinmetric stretching mode to give a 
vibronic state of 'B 1 symmetry. However, Segev and Shapiro 
have shown that the drop in polarisation of the OH 
fluorescence can be attributed to an increase in excited 
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state lifetime associated with the indirect dissociation 
mechanism. Furthermore, the photoabsorption spectrum 
of the H 2  0 (A1 - XA1 ) transition was successfully 
modelled from 129-136 rim without involving perturbations 
from other states, therefore it can be deduced that the 'A2 
state probably lies to wavelengths shorter than 129 nm. 
Although the transition, H 20( 1 A2 	X1A1 ), is single 
photon forbidden, it is a two photon allowed transition and 
the 1 A2 state can be populated in a two photon excitation. 
The 1 A2 state correlates with OH( 2 E') + H( 2S) and H 2 + 0( i  D)
or 2H + 0(3P) (61)  and therefore cannot produce OH(A 2 E) 
directly but crossing to the B 1 A 1 state can occur. 
Theodorakopoulos et al (96)  have recently carried out MRD CI 
calculations which indicate that the 1 A2 /B 1 A 1 crossing occurs 
at an HOH angle of 1200 while the C 1 B 1 /B 1 A 1 crossing occurs 
between 800 and 90 0 . Therefore it is likely that different 
OH(A2 E) rotational distributions will arise if OH(A 2 E) 
is produced via the C 1 B 1 state in single photon dissociation 
and via the A2 state in two photon dissociation. 
3.3.3 OHM 2E, V 1 = 0 - x 2 rt, V' 1 = 0) Photofragment 
Fluorescence Excitation Spectrum from Two 
PhotOn Dissociation of H 20 at 248.4 nm 
The total intensity of OH(A2 E - X2 II) photofragrnent 
fluorescence produced by two photon dissociation of H 2  0 by a 
line-narrowed tunable KrF laser was monitored for laser 
wavelengths in the region 248.1-248.7 nm. The resultant 
2 OH(AE) fluorescence excitation. spectrum (Figure 3.10) is 
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equivalent to the two photon absorption spectrum of H 2  0 
in the 124 nm region and analysis of this spectrum permitted 
an unambiguous assignment of the state responsible for 
OH(A2 E) fluorescence. The rotational features in Figure 3.10 
were assigned to the H 20 (B 1 - X 1 A 1 ) two photon transitions 
listed in Table 3b using the known rotational constants for 
the R 1 A 1 and C 1  B 1  states, the term values for a prolate 
asymmetric rotor defined by equation (3.12) and the two 
photon selection rules for a 1  B -- 1 A 1 transition 
(equations (3.13), (3.14) and (3.15)). Therefore, both 
single photon dissociation of H 2  0 at 123.6 nm and two photon 
dissociation at 248.4 nm populated the C 1 B 1 state which 
was then predissociated by the B 1 A 1 state resulting in 
OH(A2 E + X2 H)photofragment fluorescence. Two photon 
excitation of H 20 did not populate the 1  A state and the 
differences in the OH(A2 E) rotational distribution from 
single and two photon dissociation were a result of the 
slight difference in excitation energy placing the H 2  0 
molecule at slightly different positions on the B 1 A 1 
surface thereby leading to different trajectories across 
the surface. 
As this work was nearing completion, it was disclosed 
that Simons and co-workers (97-98)  had carried out an 
independent study of the two photon dissociation of H 20 
and D20 using a Lambda Physik EMG150 line-narrowed, tunable 
KrF excimer laser. They confirmed that OH(A 2 E + X2 TO 
1 fluorescence resulted from predissociation of the C B 1  state 
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by the 9 1 A state and the 1  A2 state was not involved in 
the two photon dissociation of H 2  0 at ca. 248.4 nm. Moreover, 
by exploiting the greater energy and reproducibility of the 
commercial laser and a better experimental design which 
allowed observation of fluorescence 20 cm from the focus 
(therefore reducing the probability of ionisation), Simons 
and co-workers were able to produce the definitive study of 
the quantum state-selected, two photon photodissociation of 
H 2  0 at ca. 248.4 nm. They found that OH(A2 Z - X2 TO
fluorescence was produced only from H 20(C 1 B 1 ) rotational 
levels with K > 1, even though several levels with 	= 0 
and strong line strengths were readily accessible. 
Inspection of Figure 3.10 and Table 3b confirms this. 
The (3+1) resonance enhanced multiphoton ionisation study 
of Ashfold et a1 69 ' 70 revealed two competing predissociation 
pathways; a homogeneous pathway to a state of 
symmetry for levels with Ka' 	0 and a heterogeneous 
predissociation by the B 1  A 1 state for levels with Ka' > 1. 
Therefore, levels with Ka' = 0 cannot contribute to the 
OH(A2 E) photofragment excitation spectrum. Polarisation 
studies (98)  have also revealed that OH(A 2 E) fluorescence 
produced by excitation of the underlying continuum cannot 
be attributed to the 1  A state but is due to direct 
absorption into the 9 1 A continuum. 
When Figure 3.10 is compared with the OH(A2 E) photo-
fragment excitation spectrum of Simons and co-workers, it 
is apparent that the overall spectrum contours are in agreement 
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although the intensities of individual lines are not in 
agreement and the latter spectrum is recorded over a wider 
wavelength range. Simons and co-workers have not corrected 
for the variation in laser locking efficiency with wavelength 
since it is essentially constant over a wide range for 
their laser. Figure 3.10 has been corrected for locking 
efficiency; the main differences occur at higher energies 
where the locking efficiency of our laser is poor and an 
insufficient correction may have been made. Simons and 
co-workers have also measured rotationally resolved OH/OD 
(A2 E + X2r1) fluorescence spectra and although their 
distributions are in agreement with ours for high K' 
levels they do not observe significant populations in levels 
with small V. Levels with low rotation are associated 
with the indirect dissociation mechanism of Segev and 
Shapiro and therefore with H 2  0 molecules which undergo several 
bending motions on the B 1 A 1 surface. OH/OD(X 2 11) may be 
formed by crossing from 91A  to either A 1 B 1 or 	which 
both correlate with OH/OD (X 2r1)' + H/D( 2S). B 1  A 1  and A 
1 
 B 1 
are degenerate components of 1 	in the linear configuration 
and therefore crossing to A 1 B 1 can occur when H 2  0 is linear 
and also to X 1 A 1 . via the conical intersection between 
'TI(B1A) and 	 Therefore, any molecule which 
undergoes bending motions on the B 1 A 1 surface has a large 
probability of crossing and therefore dissociating to 
produce OH(X211) rather than OH(A2 E). This is consistent 
with small populations in low K' levels and therefore 
implies that a degree of equilibration of the nascent 
rotational distribution by collisions with H 2  0 molecules has 
occurred in our spectra. 
- 77 - 
3.4 	Summary 
Following excitation of H20/D20 at 248.4 nm using a KrF 
excimer laser, photofragment fluorescence from OH/OD 
(A2Z+, v' = 0 + X211, v'' = 0) was observed for the first time. 
No fluorescence was detected from levels in the OH/OD(A2 E) 
state with v' > 1. The intensity of the fluorescence was 
found to be quadratically dependent on the laser energy 
implying that OH/OD(A 2 + E ) was formed by a two photon process. 
Since H20/D 20 are "transparent" at 248.4 nm, these are 
simultaneous two photon dissociation processes. The 
rotational population distributions in OH/OD(A 
2 + 
E , v' = 0) 
were elucidated using a computer program which iteratively 
derived the distribution which gave the best least squares 
fit to the experimental spectrum. The derived distributions 
were non-statistical and bimodal with two max-ima at K' = 1 
and K' = 14 for OH and K' = 4 and K'. = 18 for. OD although 
the maxima at low K' may be due to equilibration of the 
nascent rotational distributions by collisions with the 
parent molecule. 
The OH(A2E) distribution was in marked contrast to 
the distribution resulting from the near-isoenergetic single 
photon dissociation of H 20 at 123.6 rim, which was highly 
inverted with the distribution peaking at K'. = 20, the 
maximum energetically accessible level. The single photon 
distribution had previously been rationalised as follows: 
excitation at 123..6 nm populated. the C 1 B 1 Rydberg state 
of H20 which has an HOH angle of 109.1 1 , close to the 
- 72 - 
ground state angle of 105.2°. The C 1 B 1 state was then 
heterogeneously predissociated by the B 1 A 1 state, the 
only state in this region which correlated with OH(A 2 E). 
The B 1 A 1 state has a preferred linear equilibrium geometry, 
therefore transfer onto the B 1 A 1  surface induced a large 
amplitude straightening motion which transformed into a 
highly excited rotation of the OH (A 2 + E ) fragment upon 
dissociation. 
It was possible that two photon excitation at 248.4 nm 
populated the single photon forbidden but two photon allowed 
A2 state, which calculations revealed should lie at ca. 128.5 nn 
The 1  A 2  state ; cannot correlatédirect1y withOH(A2 E) but 
a crossing with the B 1 A 1 state can occur. Therefore, 
although single and two photon excitation may have populated 
different excited states of H 20, the different rotational 
distributions were a consequence of final state interactions 
on the B 1 A 1 surface. The two photon OH(A2 E) photofragment 
fluorescence excitation spectrum was recorded in the region 
of 248.4 rim using a line-narrowed, injection-locked KrF 
excimer laser. Comparison of this spectrum with the 
predicted two photon absorption spectrum of H 20(C 1 B 1 
calculated using the rotational constants of the C and X 
states, revealed that the experimental spectrum was 
consistent with population of the C 1 3 1 state. Consequently, 
there was no evidence that the single photon forbidden 
state was populated in the two photon dissociation of H 2  0 
at 248.4 nm. 
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The differences in the rotational distribution in 
OH(A2 E, v' = 0) following single and two-photon dissociation 
were rationalised using the calculations of Segev and 
Shapiro. They found that two extreme trajectories across 
the B 1 A 1 surface resulted in two different rotational 
distributions in OH(A2 Z). An inverted rotational 
distribution resulted from a direct dissociation in which 
H 2 
 0 executed a single straightening motion and dissociated 
immediately. A second, cooler bimodal distribution resulted 
from an indirect dissociation in which H 2  0 executed a number 
of bending vibrations on a potential ridge on the surface 
before dissociating. Therefore, the observed rotational 
distribution was dependent on which region of the B 1 A 1 
state was accessed. The small energy difference between 123.6 ni 
single photon and 248.4 nm two photon excitation placed the 
H 
2 
 0 molecule at different positions on the B 1 A 1 surface 
leading to different OH.(A2E, v' = 0) rotational 
distributions. 
CHAPTER FOUR 
Laser Photodissociation of Nitrogen Dioxide 
at 248.4 nm: Production of 
2 + 	2 NO(A E -' X 11) Fluorescence 
4.1 	Introduction 
The spectroscopy and photochemistry of nitrogen 
dioxide, the only stable triatomnic free radical, have been 
a source of interest for several decades (99) To a large 
extent, this is true because the 0-NO bond is relatively 
weak (D0 = 300 kJ mo11) (100)  and there are several low-
lying states which can be studied using radiation of 
wavelengths greater than 200 nm, therefore avoiding the 
technical problems of the. vacuum ultraviolet region. 
However, NO  is also of interest because of the central 
role it plays in the formation of photochemical smog (101)• 
Photodissociation of nitrogen dioxide by sunlight in the 
wavelength region 300 to 390 nm produces 0( 3  P)atoms. 
The O( 3P) atoms react with oxygen to produce ozone, 
which subsequently reacts with hydrocarbons, as do oxygen 
atoms, to produce photochemical smog. 
The. visible absorption spectrum of NO  is very 
complex and appears to involve two excited states, namely 
j2 B
2 and A2B1 (102-104) 
	The rovibronic transitions are 
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so densely packed that it is almost impossible to identify 
separate vibronic bands. Even when the spectrum has been 
simplified by rotational cooling to 5 K by supersonic 
106) expansion (105, 	, the irregularities of the vibronic 
bands are such that it is impossible to achieve a 
quantitative theoretical fit to the spectrum. The 
radiative lifetime of the upper state(s) varies from 
0.5 ps to 90 s in the excitation region 390 to 600 nm ° ', 
and fluorescence yield measurements indicate that 
predissociation occurs for excitation wavelengths less than 
415 	(101) 	it is. evident therefore that large 
perturbations exist between the vibrational levels of the 
X2 A l i, A2B2 and 	electronic states. 
In contrast to the visible absorption spectrum of 
nitrogen dioxide, the (13 2B2 - X2A 1 ) system at 249.1 nm has 
comparatively regular. vibrational structure and there is no 
evidence of rotational perturbations (107).  The (000-000) 
band at 249.7 nm has an estimated lifetime of 42 ± 5 ps, 
but to shorter wavelengths the lifetime becomes progressively 
shorter (the 002-000 band at 244.7 nm is completely diffuse). 
Hallin and Merer 07 have suggested a fast predissociation 
of NO2 ( 2B2 ) bya state of B 2. vibronic symmetry at 249.1 nm 
into NO(X 2 r1) + O( 3 P) products, with. the release of 
approximately 15,000 cm 1 excess energy. The N-O bond 
length was determined to be 1.314 R and the ONO angle 
120.8 0 , 0.12 R longer and 13.3° smaller respectively 
than the ground state. 
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Nitrogen dioxide is an excellent molecule for 
laser photodissociation studies for two reasons. Firstly, 
the weak 0-NO bond and the low-lying electronic states 
mean that near-ultraviolet lasers can be used as near-
monochromatic dissociation sources. Secondly, the 
product NO(X2r1) ground state radical has a large enough 
rotational constant to allow the internal energy content 
of the fragment to be state selectively analysed, by 
laser induced fluorescence, thereby providing a good 
test of photodissociation theories. 
Busch and Wilson (28) investigated the dynamics of 
the photodissociation of NO  into NO(X 2r1) + o( 3P) at 
347 nm (doubled ruby laser line) using the technique of 
time-of-flight mass spectrometry to obtain the energy and 
angular distribution of the fragments. The translational 
energy resolution achievable in this experiment was 
ca. 200 cm- 1  which prohibited full state selective 
observation. However, their results were interpreted 
theoretically by Quack and Tr8e 108 as indicating a 
decay mechanism which produced a statistical distribution 
of the 3678 cm-1 of excess energy. 
Zacharias et al 109 carried out a more detailed 
investigation of. the dynamics of the photodissociation of 
NO  at 337 nm, using a nitrogen laser to dissociate NO  
and doubled dye laser radiation to probe the internal 
energy content of the NO(X211) fragment. via the NO(A2 Z - X211) 
transition. Totally resolved rotational and. vibrational 
distributions, were obtained under collision-free conditions. 
- 83 - 
They found that 67% of the 4533 cm of excess energy was 
partitioned.internally, 51% into vibration and 16% 
into rotation. The vibrational distribution in the 
energetically accessible v = 0, 1 and 2 levels was inverted, 
indicating a non-statistical decay mechanism. The 
rotational distribution deviated from an equilibrium 
Boltzmann distribution with three distinct regions; a very 
steep decrease in the very low levels corresponding to 
a temperature of 65K, a temperature in the middle levels 
of 1600 K and a linear decrease above the energetic limit, 
corresponding to a temperature of 295 K. This distribution 
indicated that two different decay channels were involved. 
The two excited states in the 337 nm region, A 2B2  and Al2B1 
have equilibrium bond angles of 1110  and 180°, respectively, 
substantially different from. the ground state angle of 
134.1 0 . Therefore, the high rotational excitation of 
NO was interpreted as resulting from the decay of NO  
in highly excited bending. vibrational states reached in 
the vertical Fratick-Condon transition. The high 
vibrational excitation of NO was interpreted qualitatively 
on the basis of bond length changes in the ground and 
excited states of NO2 . According to the equilibrium 
geometry model of Mitchell and Simons (80),  bond angle 
changes of 0.12 R and 0.04 IR on going from the ground 
state to the A and A states respectively would result 
in significant. vibrational excitation in. the NO fragment. 
Grant and co-workers (110)  carried out an extensive 
survey of the multiphoton ionisation (MPI) spectrum and 
dynamics of nitrogen dioxide. They found that the MPI 
spectrum of NO  was altered by efficient predissociation 
of NO2 (B 2B2 ) to NO at wavelengths below 500 nm. The 
two photon dissociation of NO 2 (B 2B 2 ) produced vibrationally 
hot NO(X211) + O( 3P) fragments for wavelengths greater 
than 475 nm. The two photon threshold for production 
of NO(X21[) + O( 1 D) is 487.8 nm and below 475 nm the O( 1 D) 
channel dominated, producing vibrationally cold NO(X 2 11) 
fragments. 
In this study, nitrogen dioxide was excited at 
248.4 nm using a KrF excimer laser. At the laser powers 
used, it was found that predissociation of NO 2 (B 2B2 ) at 
248.4 nm dominated the multiphoton excitation process 
and excitation of the intermediate NO(X 2 rt) fragment 
occurred due to coincidental resonances in the NO(A2E+, 
V1 - X211, v'') transition with the 248.4 nm KrF laser 
excitation source 6 . This situation is analogous to 
that of Grant and co-workers (110) who found that the 
multiphoton ionisation spectrum of nitrogen dioxide 
between 475 and 500 nm was more characteristic of the 
intermediate NO photofragment than of the parent molecule. 
This study showed that NO(X 21i) was formed vibrationally 
hot from photodissociation of NO  at 248.4 nm, with at 
least NO(X 2r1,. v = - 6) being produced. The dynamics of 
this photodissociation will be discussed using simple 
theories of triatomic photodissociation. 
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4.2 	Experimental and Results 
The experimental set-up has been described in 
detail in Chapter Two. The output from the Lambda 
Physik EMG500 excimer laser operating on the KrF laser 
line at 248.4 nm was focussed into the photolysis cell by 
a combination of a cylindrical lens (f = 25 cm) and a 
planoconvex lens (f = 10 cm) so that the cross-sectional 
area at the observation point was approximately. 0.04 cm 2 . 
Therefore, photon fluxes of the order of 10 26-27 photons 
cm 2 s 	(i.e. 10 	 photons cm- 2  pulse 1 ) were achieved. 
The cell was filled with various mixtures of NO  (47 - 
532 Nm 2 ) and N2 (0 - 89 kNm 2 ). Nitrogen dioxide samples 
were prepared by adding an excess of oxygen to nitric 
oxide and leaving the mixture overnight to ensure complete 
reaction. Purification of the NO  sample was achieved by 
vacuum distillation using a solid CO 2 /acetone slush bath 
at -78°C. Freeze-pump-thaw cycles were performed until 
the blueish tinge in the solid due to N203 impurity was 
eradicated, leaving pure white solid NO  2*  Fluorescence 
was observed at right angles to the direction of 
propagation of the laser beam using the Jobin-Yvon 
HRS 2 monochromator and an EMI 9781B photomultiplier. 
Fluorescence from NO(A 2 
~ 
E - X2 11) in the region 
195 - 290 mu was detected. when NO  was dissociated by KrF 
laser light at 248.4 nm. Figure 4.1 shows a logarithmic 
plot of the fluorescence intensity. , versus the laser energy 
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Figure 4.1 	Dependence of NO(A2 E - X2 rt) fluorescence 
intensity on laser energy following photolysis 
of NO  at 248.4 nm. 
the laser energy raised to the power 1.6 ± 0.1. For NO  
pressures of approximately 0.5 kNni 2 , fluorescence from 
NO(A2 E, v' = 3, 2, 1, 0) was observed, with the v' = 3 
progression by far the most intense. This is shown in 
Figure 4.2. At lower pressures of about 47 Nm 2 , the 
v' = 2, 1, 0 progressions were barely detectable, indicating 
that vibrational relaxation of NOM 2 E, v' = 3) by NO  
was responsible for the fluorescence from NO(A 2 E, v' < 3) 
at higher pressures. On addition of a large amount of 
nitrogen (Ca. 89 kNm 2 ) to 0.5 kNn(2 of NO 21  the majority 
of the fluorescence resulted from the NO(A 2 + E , v' = 0) 
progression (see Figure 4.3). The relative intensities 
of the V t = 1, 2, 3 progressions decreased as v' increased 
because of the. vibrational relaxation of NO(AE, v' = 3) 
11 by nitrogen 1) When smaller quantities of N were 
added (8 - 66 kNm 2 ) the intensities of the V t = 1, 2, 3 
progressions relative to the. v' = 0 progression increased 
as the pressure of nitrogen decreased. 
4.3 . Discussion. 
2+ 	2 	. NO(A E - X II) fluorescence was attributable to 
photolysis cf NO2 rather than. the N2O4 dimer for the 
following reasons. The reversible reaction, 
2NO2 	N2O4 	 (4.1) 
	
v"=9 	8 	7 	6 	5 	4 	3 	2 	1 	0 
ii II II II II II II H II II 
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290 280 270 260 250 240 230 220 210 200 
A/nm 
Figure 4.2 Laser-induced fluorescence from NO following photolysis of NO  at 248.4 nm 
NO2 = 0.5 kNin 2 ; laser energy, 25 mJ). Bands originating from the v' = 3 
level of the NO(A 2 E -* X2 11) system are indicated. 
V II =4 	3 	2 	1 	0 
-. -  414U 	2JU 
	
220 	210 	200 x/nm 
Figure 4.3 
	
Laser-induced fluorescence from NO following photolysis of NO 2 	= 0.5 kNm 2 ) 
at 248.4 nm in the presence of a large excess of N 2 (p 	 = 89 kNm 2 ; laser 
energy, 50 mJ). Bands or 	from the v' = 0 level of the NO(A2 	- X211) 
system are indicated. 
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has a free energy, AGe,  of -5.4 kJmol 1  at 25°C 86 
Consequently, the equilibrium constant, K 1 at 25°C is 
8.842 atm. Now, 
x 	.P 




where x N 2 0 
 4 , x NO2  are the mole fractions of N 2 0 4  and NO  
respectively and p is the total pressure in atmospheres. 
Therefore, the mole fraction of NO  is given by 
-1 + (1 + 4K p) 
p 	 (4.3) XNO = 
	2PK 
and at a pressure of 0.5 kNm 2 and 25°C, the sample 
consisted of 96% NO  and 4% N 204 . Even though the ratio 
of the absorption coefficients of N 204 and NO  is 13.1 
at 248.4 nm (112) , from the Beer-Lambert Law the ratio 
of the optical densities of N 204 and NO  is 1 : 1.7 at 
0.5 kNm 2 total pressure. Consequently, a greater number 
of NO  monomer molecules than N2O4 dimer molecules will 
absorb light at 248.4 nm. 
The observation of fluorescence from NO(A2E+,  v' = 3) 
was rationalised as follows. NO 2 (X 2A1 ) absorbed one 
photon of 248.4 nm radiation and underwent a transition 
to the B2B2 state. The B 2B 2 state was rapidly 
predissociated (with a lifetime of 42 ± 5 Ps at ca. 
249.7 	 and produced NO(X211, v'' < 8) and 0( 3 P). 
Ignoring the. internal energy of the parent NO  molecule. 
Mum 
(Ca. 200 cm- 1  ), the maximum energy available for 
partitioning into internal energy of NO(X 2 J[) is 
Eav = h - D(O-NO) 
	
(4.4) 
where hv is the laser energy (40258 cm- 1  ) and D(O-NO) 
the bond dissociation energy of NO  (25148 cm). Therefore, 
Eav = 15110 cm and using the expression 
E[N0(X211, v'')] 	= w(v'' + 	) - WeX(V'' + )2 
	
(45) 
for the vibrational energy of NO(X 2rI), with We = 1904.2 cm 
and WeXe = 14.075 cm 	(113), v'' = 8 was the highest 
energetically accessible vibrational level. The 
vibrationally hot ground state NO then absorbed another 
248.4.nni photon and underwent the resonant transition 
NO(A2 E, v' = 3•+ x2 rr, v'' = 6), the two heads of which 
are at 248.2 and 249.0 run. Hence, NO(A 2 E, v' = 3 + 
x2IT, v'' = n) fluorescence was produced by a laser- 
induced fluorescence of the primary fragment NO(X211, v'' = 6). 
A small contribution due to the two-photon sequential 
excitation of NO  to produce an upper state which 
subsequently dissociated to produce NO fluorescence 
cannot be entirely ruled out. However, our spectra did 
not display detectable amounts of NO(B 211, C 211, D 2 E 	X211) 
fluorescence and this suggested that two-photon 
excitation of NO  to produce excited NO was a minor 
process since Lenzi and. Okàbe 14 observed emission from 
the B, C and D states for A < 129 nm in single-photon 
vacuum ultraviolet photodissociation of NO 
2*  Consequently, 
this is an example of a multiphoton process in which 
the nature of the intermediate state has had a profound 
influence on the excitation process. The rate of 
predissociation from the intermediate state was greater 
than the rate of up-pumping and the resultant NO fragment 
was excited by a further photon due to a coincidental 
resonance. The relatively broadband output of a KrF 
laser (0.35 nm, FWHM) increased the probability of 
this secondary excitation. 
The (000-000) band of the NO  (B 2 B 2 	X2A 1 ) 
transition at 249.1 nm has been analysed in detail by 
Halliri. and Merer 07 . They observed evidence of 
predissociation by a continuum of vibronic B 2 symmetry. 
The only lines to the short wavelength side of the 
249.1 nm bandhead were weak S-branch lines. The KrF 
laser line centred at 248.4 nm has a bandwidth of 
approximately 0.35 nm (FWHN) and consequently it is 
possible that NO was produced by absorption into the 
underlying continuum rather than overlap of the NO  
(B2B2 _ x 2A 1 ) absorption with the extreme wing of the 
laser line. 
An interesting Observation was that the NO(A2 E, 
VI. 	X 211,. v''. = 2) transition overlapped the extreme 
wing of the laser line at ca. 247.9 nm, but the. v' = 0 
progression was not observed in the absence of nitrogen. 
The Franck-Condon factor, for the (0,2) band is 0.237 
whereas that for the (3,6) band is 0.0006 (115),  a ratio 
of about 400. This therefore suggested a strong 
vibrational inversion, but no quantitative assessment of 
the relative populations in the v'' = 2 and v'' = 6 levels 
could be made because the rotational distribution in these 
two vibrational levels was required in order to determine 
the overlap of the relevant transitions with the laser 
line. The (3,6) band has never been previously detected 
in the laboratory because of its very small oscillator 
strength, therefore this is an example of how high-
powered lasers can be used to overcome the most 
unfavourable Franck-Condon factors. Slanger et al (116)  
have subsequently proved that a strong vibrational 
population inversion in NO(X 211) does exist for 248.5 nm 
dissociation of nitrogen dioxide. Using an injection-locked 
KrF excimer pump laser and a Raman-shifted frequency 
doubled probe dye laser, they established that the 
relative populations in NO(X 211,. v''. = 8, 7, 6, 5 and 4) 
were 7.3 : 10 : 4.4 : 0.7 : 0.5 respectively. 
4.3.1 Energy Partitioning in the Dissociation 
According to the quàsidiatomic theory of photo-
dissociation of Busch and Wilson (28) the proportions of 
the available energy, Eavi  which are partitioned into 
translational and. internal energy upon photodissociation 
of NO  are 
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t av 11. 
where 4 and 4 O-NO  are the reduced masses of N-O andNO 
0-NO respectively. 
E. mt 	 r can be sub-divided into rotational, E , and 
vibrational, Evl  energy. If e is the 0-NO angle at the 
moment of dissociation, 
E r = E. mt  sin 2 e 	 (4.8) 
and 	E 	= E. mt  Cos 2 O 	 (4.9) 
For NO2 photodissociation at 248.4 nm, Eav = 15510 cm 
and therefore int  = 11105 cm, which is the maximum 
value Of E (if 0 = 180 0 ). 0 is 120.8 0 for the NO  
(B 2B2 ) state, hence Ev = 4067 cm - 1 and Er = 11443 cm 1 . 
Although Slanger et al (.116)  could not measure the 
populations of N0(X 211,. v'' < 3), if it is assumed that 
the distribution is not bimodal and these vibrational levels 
are given the same population as. v = 4 (0.5), 
E. = 11750 cm. The quasidiatomic theory of photo-
dissociation predicts a maximum. value for E   of 11105 cm 
for dissociation of NO 2 from a linear configuration and 
this implies no energy partitioned into rotational 
degrees of freedom. However, Slanger et al (116)  
measured a rotational temperature of 750.K for 
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NO(X211, v'' = 5), therefore it must be concluded that 
the quasidiatomic theory has failed to model the 
partitioning of energy in the photodissociation of NO  
at 248.4 nm. This is probably due to the inability of 
this model to take into account bond length and bond 
angle changes in the excitation and dissociation steps. 
Using the equilibrium geometry model of photo-
dissociation proposed by Mitchell and Simons 30 , the 
existence of a vibrational population inversion implies 
that a significant change in bond length has occurred 
in either the excitation, process or the dissociation 
process. The NO 2 (X2A 1 ) ground state has an equilibrium 
bond length of 1.1964 , whereas the NO 2 ( 2B2 ) excited 
state and ground state NO(X21[) have bond lengths of 
1.314 IR and 1.1508 IR respectively(100)Consequently 
predissociation of the NO2 ( 2B2 ) state is consistent with 
the observed, vibrational excitation. However, it is not 
altogether obvious that the B 2  B 2 state is responsible 
for absorption at 248.4 nm and as mentioned previously, 
absorption may occur directly to the underlying continuum. 
Unfortunately, there is no known spectroscopic information 
on the underlying B2. vibronic continuum and therefore 
no. conclusions can be drawn as to whether the production 
of highly. vibrat.ionally excited NO(X211) is consistent with 
population of this state. 
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4.4 	Summary 
Fluorescence from NO(A2 E - X2 I) in the region 
195 - 290 nm was observed when NO  was dissociated by 
KrF laser light at 248.4 nm. For NO  pressures of 
approximately 0.5 kNm 2 , fluorescence from NO(A2 E, 
VI = 3, 2, 1, 0) was observed, with the v' = 3 progression 
by far the most intense. At lower pressures of ca. 47 Nm 2 , 
the v' = 2, 1, 0 progressions were barely detectable, 
indicating that vibrational relaxation of NO(A 2 + E , v' = 3) 
by NO  was responsible for the fluorescence from 
NO(A2 E, v' <3) at higher pressures. 
On addition of a large amount of N2 (ca. 89 kNm 2 ) 
to 0.5 kNm 2 of NO  2'  the majority of the fluorescence 
2+ 
resulted from the NO CA E , V' = 0) progression. The 
relative intensities of the V t = 1, 2, 3 progressions 
decreased as v' increased because of the vibrational 
2+ relaxation of NO(AE , v' = 3) by N2 . 
The observation of fluorescence from NO(A2E+,  v' = 3) 
-2 was rationalised as follows. NO 2 (X A  1  ) absorbed one 
photon of 248.4 nm radiation and underwent a transition 
to the 2B2 state. The g2  B 2 state was rapidly predissociated 
and produced NO(X2 11,. v 	< 8) and 0( 3P); v'' = 8 was the 
highest energetically accessible. vibrational level. 
The. vibrationally hot ground state NO then absorbed 
another 248.4 nm photon and underwent the resonant 
2 	 2 transition NOME 	3 ~ X11,.v'' =6), the two heads 
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of which are at 248.2 nm and 249.0 nm. Hence, NO(A 2 E, 
VI = 3 - X211, v'' = n) fluorescence was produced by laser-
induced fluorescence from the primary fragment NO(X2 TI, 
V'' = 6). Although the NO(A2 Z, v' = 0 	X2 11, v'' = 2) 
transition overlapped the extreme wing of.the laser line 
at ca. 274.9 nm, the v' = 0 progression was not observed. 
The ratio of the Franck-Condon factors for the (0,2) 
and (3,6) bands is ca. 400, therefore this suggested a 
strong vibrational inversion. Slanger et al (116) have 
subsequently proved that a strong vibrational population 
inversion in NO(X211) does exist, with the relative 
populations in v'' = 8, 7, 6, 5 and 4 being 7.3 : 10 
4.4 : 0.7 : 0.5 respectively. The existence of a 
vibrational population inversion is consistent with 
predissociation of the B 2B2 state since the NO  ( 2B2 ~ 
X2A1 ) transition results in a change of 0.12 R in the 
N-O bond length. 
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CHAPTER FIVE 
Two Photon Dissociation of 
Hydrogen Peroxide at 193.3 nm 
5.1 	IntroductIon 
Hydrogen peroxide is a good candidate for studying 
by multiphoton dissociation for several reasons. Firstly, 
it is a tetratomic molecule composed of light, first row 
atoms and in principle upper state potentials can be 
calculated by ab initio methods. Internal state distributions 
in photofragments should therefore be interpretable 
theoretically. Secondly, the absorption spectrum of 
consists of a series of broad continua for 
A > 160 run and therefore photofragment spectroscopy is 
one of the few techniques capable of providing information 
on the repulsive upper states. Finally, two photon 
photolysis of H 2 0 2  at 193.3 nm is a good method for 
producing a clean, homogeneous, well-characterised source 
of OH(A2 E) radicals and could be used as a technique 
for monitoring hydrogen peroxide. The existence of 
hydrogen peroxide in the atmosphere has been predicted for 
a number of years (118,119)  and it has been claimed that 
H 2 0 2  participates in the formation of acid rain20121). 
The amount present in the atmosphere will depend strongly 
upon both the photochemical behaviour of hydrogen peroxide 
in the radiation field in the atmosphere as well as on 
the chemical reactions which lead to its formation. The 
most significant of these reactions is the disproportionation 
reaction between hydroperoxyl radicals. 
HO 	+ HO 	H 2 0  2 + 02 	 (5.1) 
The absorption spectrum of H 202 in the ultraviolet is very 
diffuse and cannot therefore be used to monitor atmospheric 
hydrogen peroxide. Similarly, H 202 does not fluoresce and 
single photon dissociation to produce OH(A2 E) fluorescence 
only occurs at wavelengths in the vacuum ultraviolet, 
therefore absorption of the excitation radiation by the 
air will prevent atmospheric monitoring of hydrogen 
peroxide by the latter technique. Consequently, two 
photon dissociation of H202 at 193.3 nm to produce 
OH(A2E+) fluorescence would be one of the few techniques 
capable of monitoring atmospheric hydrogen peroxide. 
Experimental studies of. hydrogen peroxide single 
photon photodissociation in the ultraviolet have been 
relatively sparse until very recently, particularly in 
the. vacuum ultraviolet. However, two recent publications 
have clarified the field considerably. Ondrey et al (122)  
carried out adetailed study of the OH(X 2r1) product state 
distribution from both 248.4 nut and 193.3 nut laser single 
photon dissociation of H202 . At both wavelengths, the 
major fraction of the available energy was found to reside 
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in the translational degrees of freedom of the photo-
fragments, namely, 95.5% at 248.4 nm and 92% at 193.3 nm. 
The remaining 4.5% at 248.4 run and 8% at 193.3 nm of the 
available energy was channelled into rotation, with 
virtually no vibrational excitation of the OH(X 2 11) fragments 
being observed. The rotational population distribution 
of OH(X2Tt, vt' = 0) peaked at Kt' = 5 at 248.4 nm and 
at Kit = 6, but with a somewhat broader distribution, 
at 193.3 nm. A similar rotational distribution following 
photodissociation at 193.3 nm was found by Jacobs et al (123) , 
The observed partitioning of the available energy could 
be modelled successfully by the simple quasidiatomic 
model (28)  of photodissociation. However, Doppler width 
anisotropy measurements implied that at 248.4 nm a single 
upper surface was populated whereas at 193.3 nm, several 
upper surfaces may have been populated. Despite the 
fact that the channel 
H 2 0  2 - 	OH(X2 r1) 	+ OH(A2 E) 	 (5.2) 
is energetically feasible for 193.3 nm photodissociation, no 
OH(A2 E) was observed at that wavelength. This was 
confirmed by Suto and Lee (124)  who used synchrotron radiation 
to obtain the detailed absorption and emission cross-
sections in the region 106 to 193 nm and determined that 
OH(A2E+) fluorescence was not observed for A > 172.2 run. 
In the. vacuum ultraviolet, Becker et al (125)  observed a 
2 rotational distribution in OH(AE,. v' = 0) which peaked 
at K' = 20 for both 147.0 and 123.6 nm photolysis, but 
observed no OH(A2E+)  fluorescence at 184.9 nm. 
This study investigated the non-linear photochemistry 
of hydrogen peroxide. Wavelength-resolved fluorescence 
from OH(A2 E) following the photolysis of H 202 using 
focussed 193.3 nm ArF laser radiation was observed for 
the first time and the energy partitioning in the photo-
fragments interpreted using simple theories of photo-
dissociation. Taking advantage of the ability of multi-
photon dissociation to produce a homogeneous distribution 
of free radicals, the first measurement of the quenching 
rate of 0H(A2 Z) by hydrogen peroxide was obtained. 
5.2 Experimental and Results Section 
The apparatus used was described fully in Chapter 2. 
The beam from the Lambda Physik EMG500 excimer laser, 
operating on the 193.3 nm ArF laser transition with pulse 
energies of ca. 60 n3 was focussed into the photolysis 
cell with a 15 cm focal length Spectrosil B lens. An 85% 
w/w mixture of hydrogen peroxide with water was kindly 
supplied by Laporte Industries. However, the. vapour 
pressure of H 2  0 at 20 ° C is 17.5 torr whereas that of H 2 0  2 
is 1.6 torr. Consequently, assuming that the mixture is 
ideal, the 4 torr vapour pressure from 85% H 202 at 20°C 
actually consists of 66% water. Therefore, the 85% H 202 
was further purified by passing dry nitrogen through a 
sample until the. volume had reduced to one tenth of the 
original. After removing dissolved nitrogen from the 
H 2 0 2  by successive freeze-pump-thaw cycles, the vapour 
pressure of the H202 /H20 mixture was 1.63 torr at 20°C. 
This corresponded to a 99.8% H 202 solution with 98% of the 
vapour consisting of H202 . The sample was slowly flowed 
through the photolysis cell at a flow rate determined by 
careful adjustment of the reservoir and pump taps such 
that the equilibrium pressure in the cell was Ca. 1 torr. 
The sample was allowed to flow for 15 minutes prior to 
experiment to passivate the cell. This was to minimise 
depletion of the sample by decomposition of the H 2 0  2 
when in contact with metal surfaces, e.g. in the MKS Baratron 
pressure gauge used to monitor the pressure. 
Dispersed OH(A 2 + E - X 211) photofragment fluorescence was 
measured using a McKee-Pederson 0.5 m monochromator 
together with a Hamamatsu R928 photomultiplier. A Jobin-
Yvon HRS 2 monochromator and an EMI 9789 QB photomultiplier 
were used for higher resolution work. For the quenching 
measurements, the 0.5 m monochromator was replaced by 
a Huger and Watts 0.25 m monochromator with a slit width 
such that emission was collected from the wavelength 
range 305 nm to 325 nm. The fluorescence was detected by 
an EMI 9661B photomuItiplier and fed to the microcomputer 
controlled Biomation 8100 transient recorder system 
described in Chapter 2. Typically, 5-20 decays were 
accumulated before least squares analysis of the resultant 
decay curve was carried out. 
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Preliminary experiments using unfocussed laser 
radiation were carried out in order to confirm the 
conclusions of other workers (122)  that negligible amounts 
of OH(A2E+)  were produced when hydrogen peroxide was 
photolysed at 193.3 nm. This was indeed found to be the 
case and no emission at around 308 nm was detected. 
Similar preliminary experiments using focussed 248.4 nm 
KrF radiation revealed no OH(A 2 E) fluorescence at this 
wavelength. 
Upon focussing the 193.3 nm laser beam, emission was 
detected at around 308 nm. The intensity of the emission 
was a sensitive function of the relative positions of the 
lens and the observation zone of the monochromator. The 
signal intensity was maximised by careful alignment of 
the experimental apparatus and the spectrum shown in 
Figure 5.1 was obtained. The characteristic band contour 
of the (0,0) band of the OH(A 2 E - X211) emission is easily 
recognisable. Survey scans over the region between 200 
and 400 rim revealed only one other prominent feature, 
at ca. 282 nm which. was assigned to emission from the (1,0) 
band of 0H(A2 Z + X2 H). The relative populations of the 
VI ='O and 1 levels were calculated as follows. Assuming 
the detection system response is constant over the range 
280 to 320 nm, 
NvI = 1 	= 	I(1,0)/f(1,0) 	 (5.3) 
izu 	JUU 	280 	260 	240 
wavelength /nm. 
Figure 5.1 	OH(A2 E -* X 2 fl) emission spectrum from two-photon dissociation of H 
2 0  2 
at 193.3 nm. The upper trace is the (1,0) band recorded at 5x the 
sensitivity of the lower tirir 
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and 	N , ...0 	= 	{I 308 
	
f( 1 , 1 )N1..1 1 /f( 0 1 0 ) 	(5.4) 
where N = population in OH(A 2 E, v' 
f = transition probability 
1(1,0) = intensity of OH(A2 E) (1,0) band at 282 nm 
1308 = total intensity of 308 nm band. 
The (0,0) and (1,1) bands overlap in the 308 nm band and 
therefore the intensity of that band must be corrected for 
population in v' = 1 before the population of v' = 0 can 
be obtained. The relative yields of v' = 0 and 1 were 
measured to be 1 : 0.33 and are summarised in Table 5a. 
Table 5a Data used to Calculate OH(A 2 E). Vibrational 
Population Distribution 
Band Intensity Transition .Probàbilit? Population. 
(1,0) 	 110 	 334 
	
v'=l 	0.33 
(1,1) 	 193 	 585 
	
.,i.o.o.o............. 1.000 	 v'=O 	1.00 
a From reference (80). 
A rotationally resolved spectrum of the 305 to 325 rim 
region was taken at a pressure of ca. 1 torr with a slit 
width of 60 ii.m on the Jobin-Yvon HRS2 monochromator, which 
corresponded to a full width half maximum resolution of 
0.07 rim. This is shown in Figure 5.2. At this pressure, 
3060 	3060 	3100 	3120 	3140 	3160 	3180 	3200 	3220 
Figure 5.2 Higher resolution scan of the OH(A 2 + E , V I  = 0 + 
x2 ri, v'' = 0) fluorescence band following two-photon 
dissociation of H 2 0 2  at 193.3 nm.. 
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the OH(A2 E) radicals will undergo several collisions 
before fluorescing and consequently one may not be 
observing the nascent rotational distribution. Unfortunately, 
the signal intensity was insufficient to allow a rotationally 
resolved spectrum to be obtained under essentially. 
collisionless conditions at lower pressures. However, it 
was found that the overall band contour did not change for 
pressures between 100 m torr and 1 torr, implying that 
the nascent distribution was observed at 1 torr H 202 and 
that quenching of OH(A2 E) by H 2 0 2  is more efficient 
than rotational relaxation. Insufficient signal intensity 
again prohibited resolution of the rotational structure 
in the (1,0) band of QH(A2 E 	X2 [). The rotational 
2+ population distribution in OH(A E , v = 0) was 
elucidated using the iterative least-squares fitting program 
described in Appendix 2. The experimental spectrum was 
digitised (400 points) between 306 and 320 nm and 
assuming a FWHM resolution of 0.12 nm, a fit corresponding 
to a standard deviation of ±10% was obtained. A comparison 
between the calculated and experimental spectra is given 
in Figure 5.3 and the derived rotational population 
distribution is plotted in Figure 5.4. The (1,1) band 
of OH(A2E 	X2 H)was neglected in the simulation. The 
R 1 and R2 heads of this band occur at 312.2 and 312.6 nm 
respectively. Inspection of the residual errors in this 
region revealed only random error and no systematic error. 
It was assumed therefore that although the integrated 
3060 	3080 	3100 	3120 	3140 	3160 	3180 	3200 	3220 
Figure 5.3 Experimental (upper) and simulated (lower) 
OH(A2Z+, v' = o -* x2 ri, V I ' = 0) fluorescence 
spectra from two-photon dissociation of H 202 
at 193.3 nm. 
Figure. 5.4 	Rotational population distribution in. 
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Figure 5.5 A typical plot of the rate of quenching of OH(A 2i) 
fluorescence by hydrogen peroxide. 
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intensity of the (1,1) band was 20% of the (0,0) band, 
at 0.12nm FWHM resolution there was insufficient intensity 
in any one transition to distort the (0,0) band. 
The rate of quenching of OH(A2 E) by hydrogen 
peroxide was measured by recording the time-resolved 
2+ 	2 emission intensity of the OH(A E - X II) system for a 
series of H 2 0 2  pressures in the range 9 to 120 Nm 2 
(70 to 900 mtorr). The samples were flowed through the 
cell so as to minimise any complications due to the 
influence of surface decomposition. A typical decay curve 
is given in Figure 5.5 and the measured removal rates as 
a function of pressure are given in Table 5b. The decay 
curves were analysed by assuming that the only significant 
loss processes for OH(A2E+)  were either fluorescence 
to the ground state or quenching by hydrogen peroxide, viz. 
H202 193nm'  20H(A2E) 	 (5.5) 
OH(A2E) 	-.---- OH (X2 11) (5.6) 
OH(A2E) + H202 	OH(X2Tt) + H 202 (5.7) 
or H 2  0 + HO  
kf (5) is the reciprocal of the radiative lifetime of 
OH(A2E) and k  (cm3 molecule s) is the sum of both 
physical and reactive quenching. 
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Table 5b Measured Decay Rates of OH(A 2 E) as a 
Function of Hydrogen Peroxide Pressure 
PHQ/Nm2 
	 10 6 k/s 	
* 
9.3 2.54 ± 0.16 
25.3 3.58 ± 0.10 
42.7 4.93 ± 0.12 
57.3 6.25 ± 0.24 
66.7 6.66 ± 0.28 
69.3 6.76 ± 0.34 
82.6 8.14 ± 0.36 
97.3 8.80 ± 0.40 
98.6 8.62 ± 0.36 
120.0 10.82 ± 0.58 
* 
Errors are ±2 standard deviations 
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Now, 
-d [OH (A)] 
dt 	= kf (OH (A)] + kQ [H20 2 ] ( OH (A) 	 (5.8) 
and 
ln[OH(A)] = {k f + kQ [H 202 ]It + const 	 (5.9) 
Therefore, the observed removal rate, kobs(s1),  is 
kobs = kf + kQ [H 20 2 ] 	 (5.10) 
which is the well-known Stern-Volmer relationship. Thus 
the plot of observed removal rate as a function of H 
2 0 
 2 
pressure shown in Figure 5.6 has a slope of the total 
quenching rate constant of OH(A2Z) by H 202 and an 
intercept of the inverse of the radiative lifetime of 
OH(A 
2 + 
Z ). The values obtained from Figure 5.6 are 
k 
	= (2.93 ± 0.09) x 10-10  cm3molecules 
k 	= (1.83 ± 0.16) x 
10  
Therefore, the reciprocal of k  is 550 ± 50 ns which is 
lower than the accepted radiative lifetime for the 
OH(A2E, v' = 0) radical, which varies from 700-1000 ns 
depending on the rotational leve1. 78 . This difference 
is possibly due to a systematic error in the pressure 
measurements because it is notoriously difficult to 
accurately measure pressures of hydrogen peroxide. Using 
the above, value of (2.93 ± 0.09) x 10 10  cm3 molecule- s 
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Figure 5.6 Dependence of OH(A2E+) fluorescence decay 
rate on pressure of hydrogen peroxide. 
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for the total quenching rate constant, the Baratron 
capacitance manometer would have to be measuring 7.5 Nm 2 
low to obtain the correct value for the radiative lifetime. 
As long as the pressure reading error remains constant 
with pressure, the plot in Figure 5.6 will be offset 
horizontally but the slope, and therefore the quenching 
rate constant, will remain the same. 
5.3 	Discussion 
The production of OH(A2 E) in the photolysis of 
hydrogen peroxide using focussed 193.3 nm ArF laser 
radiation might be due to four possible processes. 
Direct photodissociation of H20 2 by the 
absorption of two 193.3 nm photons. 
The single-photon dissociation of H 2 0 2  followed 
by subsequent excitation of one of the fragments so 
produced by one or more further photons. 
The excitation of an impurity, containing the 
OH fragment, leading to the production of OH(A2E). 
OH(A2 E) is a chemiluminescent product formed by 
reaction of neutral photolysis products or by ion-electron 
recombination. 
The prospect that OH(A 2 + E ) is chemiluminescent can be 
ruled out immediately on. inspection of the decay trace in 
Figure 5.5. No risetime is observed on this trace and 
therefore OH(AE) must be formed directly. 
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The possibility that an impurity might be responsible 
for the observed emission is easily discarded since the 
only impurity present to any appreciable extent in the 
hydrogen peroxide used is water (<2%) 	Previous 
experiments on the photodissociation of water using 
focussed 193.3 nm laser radiation (79),  at even higher 
laser intensities than those used here, have shown that 
no measurable amounts of OH(A2E+)  were produced. 
The second possibility might occur through excitation 
of H02 (A2A 1 ), produced by single-photon photolysis of 
hydrogen peroxide: 
H 2 0  2 + h (193.3 nm) + H + HO  (i2 A') (5.11) 
H02 (A2A 1 ) + hu (193.3 nra) - OH(A 2 E) + O( 3P) 	(5.12) 
Both processes (5.11) and (5.12) are energetically feasible 
with 193.3 nra photons, being exothermic by 171 and 
38 kJmol 1 , respectively 26 . However, such a scheme 
is unlikely since the only excited states of HO  which 
are accessible (one 	and one 2A') both correlate 
with the formation of OH(X211) (127) 	Furthermore, 
experiments carried out in the presence of added 
did not give any emission around 760 nra, as has been 
reported by Lee (128)  in experiments on 193.3 nm photolysis 
of HO 2 , and thus no appreciable amount of HO  is present 
in the cell, during the laser pulse although it will 
certainly be formed in the subsequent chemistry. 
ConriVINE 
An alternative route to the formation of OH(A 2 E + 
also involving an intermediate is via formation of ground-
state hydroxyl radicals 
H 2 0  2 + hv (193.3 nm) 	- 20H(X2 11) (5.13) 
OH(X2 11) 	+ hv 	(193.3 nm) - 	 OH(A2E) (5.14) 
The first step in this mechanism, single-photon photolysis 
of hydrogen peroxide at 193.3 nm to give ground-state 
hydroxyl radicals, is well-established from the work of 
Ondrey et a1 122 . However, the second step, population 
of OH(A2 E) by up-pumping of OH.(X211) by 193.3 nm photons 
is unlikely since the only accessible absorption would be 
to very highly excited levels of the OH(A 2 E) state which 
are known to be heavily predissociated(129).  Thus, 
fragmentation to OH(X2r1) followed by up-pumping to OH(A 2 E) 
is not possible. 
This leaves only one possible origin for the OH(A 2 E), 
direct two-photon dissociation of hydrogen peroxide by 
193.3 run photons. The single-photon absorption at 
193.3 nm is part of a continuum with an absorption cross-
section of ca. 10' 8 cm  (130),  therefore the two-photon 
excitation may be a simultaneous or a sequential process, 
but it. is not possible to assess the relative contributions 
of these two processes to the overall two photon absorption. 
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5.3.1 Energy Partitioning in thePhotodissociation 
The energy available, Eavl which can be partitioned 
into translational, rotational and vibrational degrees of 
freedom of the photofraginents is defined as 
E av 	 m = 2hv + E.t 	 o - D(HO-OH) - E 	(5.15) 
where 2hv is the energy of two 193.3 nm photons (103466 cm) 
is the internal energy of the parent H 2 0  2 
molecule (ca. 200 cm-1 at 298 K) 
E0 is the electronic energy of the photofragments 
E0 = 32440 cm if photodissociation results in one OH(A2 E) 
and one OH(X2r1) and 64880 cm if two OH(A2 E) fragments 
are produced and therefore Eav = 21451 or 53891 cm- 1 
respectively. 
The quasidiatomic model of photodissociation developed 
by Busch and Wil son 28 , adapted for use with H 202 , 
states that 
m 
E 	= 	 • E 	= 	E 	 (5.16) T 4HO-OH 	av mOH av 
_____ 	
2 	 -m0 	2 E 	 sinO.E = 	- sine.E R RHO-OH 	 av mOH av 
(5.17) 
	
___ 	2 	 0 	2 E 	 cosO.E = 	- cosO.E v 
H0-0H av mOH av 
(5.18) 
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where ET , ER ,  Ev are the energies partitioned into 
translation, rotation and vibration respectively. 
40-0 and 4 HO-OH  are the reduced masses of 0-0 and HO-OH 
respectively. 8 is the 0-0-H angle at the moment of 
dissociation. 
If it is assumed that the 0-0-H angle is 94.5°, the 
ground state angle 3 , then ET = 0.9412 Eavl 
E R = 0.0585 E av  and Ev 	 av 0.0003 E and the energies listed 
in Table 5c are partitioned into the respective channels. 
Table 5c Partitioning of Available Energy in the 
Photodissociation of H 2 0 2  using an ArF Laser 
ET/cm 1 	ER/cm 1 	E/cm 1 
H202 	OH(AE) + OH(X2 11) 	50722 	3153 	16 
H 2 0 2 	20H(A2 z) 	 20190 	1255 	6 
Experiment 
	
51845/* 	1298 	748 
19405 
* The values of ET are inferred from experiment depending on 
whether dissociation produces one OH(X 2  II) and one OH(A 2 
+ 
E ) 
or two 0H(A2E). 
ER and  E  can be calculated from the vibrational and 
rotational population distributions derived from the spectra 
and the term. values (87)•  These are listed in Tables 5d 
and 5e respectively and summarised in Table Sc. 
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Table 5d Energy Partitioning into Vibration of OH(A 2  E + 
v' 	Population Term Value/cm- 1 	E/cm1 
0 	0.75 	 0.0 	 0.0 
1 	.0.25 	2993.1 	748.3 
E1 	= 748.3 cm 
Neglecting the rotational energy partitioned into 
= 1, which cannot be measured due to lack of signal 
intensity, the experimental value for ER  of 1298 cm 
agrees well with the quasidiatomic theory value of 
1255 cm-1 	 2+ for dissociation producing two OH(A ) 
fragments. However, the experimentally determined value 
for E   of 748 cm- 
1  bears no relation to the amount 
predicted by the quasidiatomic theory for a bond angle 
of 94.5 0 . If the experimental value for the vibrational 
energy is to be replicated, the theory requires that 
ER = 513 cm-1  and 2421 cm for dissociation into two 
OH(AE) and OH(A2 E)/0H(x2TI) respectively. These two 
values correspond to' 0-0-H angles of 140.4 0 and 119.1° 
at the moment of dissociation. The former value of ER 
is clearly too small in comparison with experiment and 
since the overall population in v' = 1 is one-third that 
in. v' = P, a' mudh higher degree of rotational excitation 
in. v'. = 1 than that found in. v' = 0 is required for the 
latter. value of ER to be correct. In the light of the 
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Table 5e Energy Partitioning into Rotation of 
VI = 0) 
K' 	Population 	Term Value/cm1 	CR/cm1 
0 0.118 0.0 0.0 
1 0.107 33.8 3.6 
2 0.099 101.5 10.0 
3 0.093 203.0 18.9 
4 0.077 338.0 26.0 
5 0.062 506.6 31.4 
6 0.044 708.2 31.2 
7 0.039 942.8 36.8 
8 0.044 1209.9 53.2 
9 0.045 1509.2 67.9 
10 0.047 1840.1 86.5 
11 0.039 2202.4 85.9 
12 0.028 2595.4 72.7 
13 0.025 3018.5 75.5 
14 0.023 3471.1 79.8 
15 0.018 3952.7 71.1 
16 0.021 4462.4 93.7 
17 0.014 4999.7 70.0 
18 0.012 5563.4 66,8 
19 0.012 6153.1 73.8 
20 0.010 6768.5 67.7 
21 0.009 7406.7 66.7 
22 0.007 8068.7 56.5 
23 0.006 .8753.0 52.5 
ER = 	R = 1298.2 cm 
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available experimental evidence, the most likely 
'explanation of the observed rotational distribution is 
that dissociation occurs via a channel producing two 
OH(A2 E) photofragments at an 0-0-H angle close to the 
H 2 0 2  ground state angle of 94.5°. Vibrational excitation 
in the photofragments is caused by a process neglected 
in the quasidiatomic theory of photodissociation and by 
conservation of energy results in a little less 
translational excitation than predicted. This theory 
takes no account of bond angle or bond length changes 
in the photodissociation process. The OH bond length 
in the ground state of hydrogen peroxide is 0.95 
whereas it is 1.012 R in OH(A2 E). With a bond length 
change of 0.06 L a small degree of vibrational excitation 
in the fragments can be qualitatively rationalised by 
the equilibrium geometry model of photodissociation of 
Mitchell and Simons (30) Since the equilibrium bond 
length in OH(X2IT) is 0.971 , the equilibrium geometry 
model correctly predicts a smaller degree of vibrational 
excitation in the photofragments from single photon 
photolysis at 193.3 nm 122 to give two OH(X211) than 
two photon photolysis at 193.3 nm to give two OH (A 
2  E+). 
5.3.2 The Rotational Distribution 
2+  In order to. analyse the OH(A E , v'. =. 0) rotational 
distribution from two-photon photolysis of hydrogen 
peroxide at 193.3 nm, a functional form for the 
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distribution is required. If the distribution is 
statistical it can be characterised by a rotational 
temperature and the population, NK,,  of any rotational 
level, K', is given by the Boltzmann equation: 
K' 	Q= 	
r (2K' + l)exp(Er/kT) 	 (5.19) 
where Q r  is the rotational partition function 
(2K' + 1) is the degeneracy of the rotational level 
in the absence of a magnetic or electric field 
Er is the rotational energy (BK'(K' + 1) in cm) 
k is the Boltzmann constant (0.6952 cm) 
and. T is the rotational temperature in Kelvin. 
Therefore, for a statistical distribution, a plot of 
ln[NK,/(2K' + 1)) versus BK'(K' + 1) should give a straight 
line of slope (-1/kT). Inspection of this Boltzmann 
plot displayed in Figure 5.7, reveals two distinct and 
different regions: 
(i) Rotational levels K' = 0 to 6 which can be 
characterised by a rotational temperature.of 
370 ± 70 K. 
and (ii) Rotational levels K' = 7 to 23 which can be 
characterised by a rotational temperature of 
3560 ± 140 K. 
Two possible interpretations of this bimodal plot 
are that (a) the nascent rotational distribution has a 
temperature of Ca. 3600 K, but this has been partially 
1200 2/p00 3600 4800 6000 7200 8400 
ENERGY /cm 
Figure 5.7 	Boltzmann plot, of the population in OH(A 2 E, V 1 = 0, K') 
versus rotational energy for two-photon dissociation 
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equilibrated by collisions resulting in a near-room 
temperature component. Alternatively, the lower 
rotational levels of OH(A 2 + E , v' = 0) have been populated 
by vibrational relaxation of 0H(A 2 E, v' = 1). (b) The 
observed rotational distribution is in reality a sum of 
two distributions coming from two different excited states. 
The former interpretation cannot be ruled out, but as 
was stated previously, the 0H(A 2 E, v' = 0 + Xll, v' = 0) 
rotational band contour was independent of pressure in 
the range 100 mtorr to 1 torr. Turning to the latter 
interpretation, hydrogen peroxide belongs to the C2 
point group with the C 2 axis bisecting the 118° dihedral 
angle between the two 0-0-H planes in its ground state. 
According to the rules of correlation of electronic 
(132) 	1 	 3 states 	, one A state and one B state are the only 
states of H 2 0 2  which can correlate with 2 0H(A 2 E) 
radicals. A transition from the singlet ground state to a 
triplet state is strongly forbidden., therefore in the 
absence of non-adiabatic curve crossing there is only 
2 + one state (. 1  A) which could produce two OH(A E ) radicals. 
If the photodissociation products are one 0H.(A2 E) and 
one OH(X211) radical, then two 1 A and two 'B states 
(and the corresponding triplet states) of H 2 0 2  give the 
appropriate correlation. However, although this dissociation 
channel is consistent with a bimodal rotational distribution 
it is at odds with the implication of the quasidiatomic 
model that dissociation produced two 0H(A2 E) radicals. 
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Clearly, some theoretical calculations on the potential 
energy surfaces of the upper excited states of H 2 0 2  and 
further experimental studies using a more powerful and 
reproducible photolysis laser, enabling a rotationally 
resolved spectrum to be obtained at lower H 202 pressures, 
are required before the detailed dynamics of the two 
photon dissociation of hydrogen peroxide at 193.3 nm can 
be better understood. 
After this work was completed, Comes and co-workers (139)  
published a similar study of H 2 0 2  two photon dissociation 
at 193.3. nm which essentially agreed with the results in 
this thesis. They found that only the OH(A 2 E, v' = 0 and 
1). vibrational states were populated, with 68% of OH(A) 
formed in. v'. = 0 and 32% in Vt = 1 at laser fluences of 
16 Jcm 2 . The rotational distributions were statistical, 
with rotational temperatures of T = 4450 ± 180 K for 
V I = . 0 and T = 3560 ± 150 K for. v' = 1. 
5.3.3 Quenching Measurements 
The. value measured here for the quenching of OH(A 2 E) 
by H202 , (2.93 ± 0.09) x 10- 10 cm3 molecule - s 1 , is the 
first measurement of the rate of this process. The value 
may be compared with that for H202 reaction with the 
ground state of. OH 	(1.6 x 10 2  cm3 molecule - 1 s 1 at 298 K 33 
which is almost a factor of 200 less. However, the nascent 
OH(A2 E) is not at 298 K and the. value of the OH(A 2 E) 
rate constant corresponds. to both physical and reactive 
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quenching whereas that for OH(X211) is solely that due to 
reaction. Since no information is available to partition 
the quenching data found here between physical and reactive 
quenching, the comparison is inconclusive. The value 
found here may also be compared to that found for the 
process 
OH(A2E) + H 2  0 -' products 
	
(5.20) 
which has been measured many times before, most recently 
by Laudenslager and McDermid 34 who obtained a rate 
constant of 5.6 x 10-10  cm3 molecule- s 	at 300 K. From, 
gas kinetic theory 8 , the collision frequency, z, of 
a single molecule, A, in a mixture of A and B is 
= rt 	cAB 
	 (5.21) 
where CB is the concentration of B in molecules cm 3 
8kT = 	is the average magnitude of the AB 7T4 
relative velocity of the A and B molecules 
mAmB 
= m + 	is the reduced mass of the system 
= aA + a B ) with a and a  being the collision AB 
diameters of A and B respectively. 
For 	1 X 10-10 1 CY H2O 	2.7 x 
10-10  m andOH 
aHO 	3.4 x 10-10  rn,. the ratio of the expected 
collision frequencies of the OH(A2 E) radical with H.,O, 
and H20is 1.23 : 1. Furthermore, the OH(A2 E) fragment 
- 118 - 
formed from two photon photolysis of H 2 0 2  at 193.3 nm 
has at least 19000 cm- 1  of energy partitioned into 
translation and therefore this ratio is likely to 
increase considerably. The experimentally determined 
ratio of the rate of quenching of OH(A 2 E) by H 2 0  2 
and H 2  0 is 0.52 : 1 and this may indicate the presence 
of specific interactions between H 2  0 and OH(A2 E) 
leading to an enhanced rate or the presence of an energy 
barrier on the OH(A 2 E)/H 202 hypersurface. 
5.4 	Summary 
oH(A2 E - X2 H)photofragment fluorescence was 
observed following two photon dissociation of hydrogen 
peroxide at 193.3 nut using an ArF laser. Fluorescence 
was observed from the. v' = 0 and 1 levels of the OH(A 2 + E ) 
state, the relative populations of which were 1.00 : 0.33 
respectively. The rotationally resolved spectrum of the 
(0,0) band. was analysed and the rotational population 
distribution found to display two distinct regions: 
Levels K' = 0 to 6 were characterised by a 
rotational temperature of ca. 370 K. 
Levels K' = 7 to 23 were characterised by a 
rotational temperature of ca. 36.00 K. 
This unusual. rotational distribution could be a 
result of two different dissociation pathways, or 
excitation of two upper states of H202 . The pathways 
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H 2 0  2 + OH(X211) + OH(A2 E) 	 (1) 
+ 20H(A2 E) 	 (2) 
were both energetically feasible and therefore the 
observed distribution may be a consequence of dissociation 
via both channels. The amount of energy partitioned 
into rotation in the dissociation was consistent with 
channel (2), but the rules of correlation of electronic 
states show that in H 202 only one state (of 1  A symmetry) 
2+ 
can correlate with two OH(A E ) radicals. Hence it was 
not possible that two different excited states, both 
dissociating via channel (2), were involved. Some 
theoretical calculations on the potential energy surfaces 
of the upper excited states of H 202 and further 
experimental studies are required before the detailed 
dynamics of the two photon dissociation of H 202 
at 193 nm can be better understood. 
The quenching rate of OH(A2 E, V 1 = 0) by hydrogen 
peroxide was measured for the first time and found to be 
(2.93 ± 0.09) x 10- 10 cm3 molecule - s. The 
experimentally determined ratio of the rate of quenching 
of OH(A2 E) by H 2 0 2  and H20 is 0.52 : 1 whereas gas 
kinetic theory predicts a ratio of 1.23 : 1. This may 
indicate the. presence of specific interactions between 
H 2  0 and OHM 2 E) leading to an enhanced rate or the 
2 + presence of an energy barrier on the OHME )/H 202 
hypersurf ace. 
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APPENDIX I 
The Spectroscopy of the 
OH/OD (A2 E, v' = 0 - X211, v'' = 0) Transition 
The OH/OD molecule is a free radical and therefore 
has an unpaired electron with total electronic angular 
momentum, L = 1 and electronic spin, S = . S couples 
with either the rotational angular momentum, J, or the 
resultant orbital angular momentum along the inter-
nuclear axis, A, to produce doublets in the 2  E and 2 TI 
states. These are denoted by F 1 and F2 for the rotational 
levels of the 2  Z state and f 1 and f2 for the levels of 
the 2  state. Either the total angular momentum, 
J = K + S, or the angular momentum excluding spin, K, 
can be used as the rotational quantum number; for 
F 1 (K) and f 1 (K), J =K+ I and for F2  (K)and f2  (K)' , 
J = 'K - . K is only a good quantum number when the 
spin is not coupled or, very weakly coupled to the inter-
nudleàr axis (Hund's case (b)). 
In the 2  E state, there is no resulting orbital 
angular momentum, A, along the internuclear axis therefore 
it is Hund's case (b) and the spin is always coupled to 
the rotation axis. The. two doublet components F 1 (K) 
and F2 (K) are caused by magnetic' coupling of the spin and 
rotational angular momentum. The splitting between 
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the two components increases as K increases. The 
rotational energies, neglecting centrifugal distortion, 
are given by (87)  
F 1 (K) = 	BK(K + 1) + R(K + 	)  
F2 (K) = 	BK(K + 1) - R(K +  
where B is the rotational constant for v' = 0 (B = 
16.965 cm 	for OH(A2E) (88)  and B = 9.035 cm- 1  for 
2+ (88) i OD(A E ) 	) and R s the magnetic coupling constant 
or p-type doubling constant for v' = 0 (R = 0.1122 cm 
for OH(A2E) (87)  and R = 0.170 cm 	for OD(A2 E) 85 ). 
In the 2  ground state, the f 1 and f 2 components 
are caused by coupling of the spin and the orbital angular 
momentum. Both OH and OD have inverted 2  states 
(i.e. the 2 11  Cf 2 components are at higher energy than 
the 2 	components) with a separation between the 
two components for K'' = 1 of 126.2 cm 1 (OH) and 
1 31 .0 cm 	(OD). OH/OD (X2 ) is intermediate between 
Hund's case (a), where the spin is coupled through the 
orbital angular momentum to the internuclear axis, and 
Hund's case (b), where the spin is coupled to the 
rotational axis rather than the internuclear axis 
because the rotation is so strong. Consequently, for 
large values of K, it approximates case (b) and for low 
values of K, case (a). The 2  components are further 
split by a coupling of the orbital angular momentum with 
the rotation of the nuclei to produce four components 
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E 1' f, f and f 2 . This is known as A-type doubling 
and although the splitting is very small compared to the 
spin-orbit splitting, it increases as K increases. 
Hill and van Vleck 135 have treated this intermediate 
Hundt s  case and the rotational energy of 2  levels, 
neglecting centrifugal distortion, are given by 
f 1 (K) = B[(K+1) 2 - 1 - 	/{4(K+1) 2 + a(a-4)1) 	(3) 
f 2 (K) = B[K2 - 1 + /{4K2 + a(a - 4)}] 	 (4) 
where B is the rotational constant for v'' = 0 (18.549 cm 
for OH(X211) (88) and 9.883 cm 	for OD(X211) (88))  and 
a is the coupling constant (-7.547 cm 	for OH(X2IT) (87) 
and -7.53 cm 	for OD(X2 IT) 36 ). 
The selection rules for 2 E-  2 transitions are 
AJ = 0, ±1 (except J. = 0 - J = 0) and the symmetry 
selection rules with respect to a are + 	-, + 	+ 1 
- -'- -. Furthermore, for Hund's case (b), AK = 0, ±1. 
These selection rules lead to twelve possible branches, 
six of which obey both Ai and AK rules. These are the 
main branches R 11 R2 , Q 1 1 Q2
1 
P 1 and P2 where AK = +1, 0 
and -1 for P, Q and R respectively. The other six 




R21 and S 21 do 
not satisfy both selection rules and are generally less 
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Figure A.1 	Energy level diagram for the OH/OD 
(A2 E, v' = 0 +-*X 211, v'' = 0) transition. 
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the case (b) approximation and have lxJ 	K. The 012 
and S 21 branches occur in the case (a) approximation as 
R21 and P 12 and appear as 0 and S branches in case (b) 
with AK = ±2. Figure A.1 provides a diagram of the energy 
levels and all twelve transitions. 
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APPENDIX II 
NEWSPECSIMS - A Computer Program to Derive 
Rotational Population Distributions from 
Experimental Spectra by a 
Least Squares Fitting Routine 
The OH/OD (A2 E, v' = 0, K' + X 2rI, v''.= 0, K'') 
rotational spectra obtained from two photon dissociation 
of H20/D20 at 248.4 nm and H 2 0 2  at 193.3 nm were not 
fully rotationally resolved and contained many over-
lapping lines, especially in the region of the R1 , R2 
and Q branch heads. To overcome this problem, a computer 
program was written in FORTRAN 77 with the assistance of 
Dr. Michael McDonald, which iteratively derived the 
rotational population distribution which gave the best 
least squares fit to the appropriate experimental spectrum. 
The program is based on one developed by Kusonoki et al (137) 
to model the OH(A 2 + E - X2 II) fluorescence spectra obtained 
from ion-molecule reactions of 0+  with hydrocarbons. The 
program is not specific to OH/OD but can be used for any 
2 transition provided that the wavelengths and 
Einstein A coefficients of the rotational transitions 
are known and that the experimental spectrum is available 
in digital form. A listing of the program and some 
explanatory notes are given below. 
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Lines 1-38 
Lines 143-182 
The main program in which the maximum 
number of iterations is set, the subroutines 
are called in the order INITIALISE, DIGITISE, 
SLITFN and COMPARE, the quantum number of 
the highest rotational level is set and 
the result (population as a function of 
rotational quantum number) is displayed on 
screen and sent to a file, FPOPS. 
Subroutine INITIALISE 
The Einstein A coefficients, wavelengths of 
the rotational transitions and zeroth order 
approximation of the rotational populations 
are read in (154-159) together with the FWHM 
experimental resolution (160-162) in R, a 
threshold. value for the goodness of fit 
under which the iteration is halted (163-
165) and the wavelength range in R over 
which. the fit is to be carried out (166-178). 
Lines 218-241 	Subroutine DIGITISE 
The experimental spectrum (intensity vs. 
wavelength), is read in and normalised. A 
typical spectrum would be digitised with a 
spacing of ca. 0.5 R over a range spanning 
3060 9, to 3220 IR leading to a total of 
Ca. 320 points. 




To simulate the effect of the detection 
system on the resolution of the experimental 
spectrum, a Gaussian intensity profile (with 
the appropriate FWHM breadth) is passed 
stepwise through each spectral line. The 
stepsize is determined by the number of 
the monochromator will have scanned between 
laser shots. At a laser repetition rate of 
3 Hz and a monochromator scanning speed of 
10 R min, this is 0.056 R. Finally, 
the "degraded" calculated spectrum is 
normalised. 
Lines 43-138 	Subroutine COMPARE 
For each point, the ratio of the experimental 
to computed intensities and the difference 
between experimental and computed intensities 
are calculated using the zeroth order 
approximation to the population, POP ° (K), 
which is normally populations in all levels, 
K, are equal. The first order approximation 
is then written 
POP 1 (K) = F 	POP0 (K) 
where F(K) is a correction factor for each 
rotational level, K. 
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expt 




 the intensity of each 
experimental point, i; 
is the intensity of each zeroth order 
computed point, i; 
and W(K) is a weighting factor which takes 
into account the degree to which any 
individual rotational level contributes to 
point, i. 
A first order spectrum is then calculated 
using the new population distribution and the 
whole process is repeated if the least squares 
fit of the nth order spectrum is better than 
the least squares fit of the (n-i) order 
spectrum until the fit has converged. 
The computer program contains a number of assumptions: 
The detection system response function over the 
range 3060-3220 R was assumed to be constant. 
The hu term in equation (3.9) is not included. 
The satellite branches of the E- 2 transition 
2+ are not included, (for OH and OD(A E ) only levels 
with K < 4 have significant intensity in the 
satellite branches). 
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(iv) For each rotational quantum number, K', the six 
main branches were assumed to have the same population, 
therefore the value for the population of each K' 
level was averaged over the six branches. However, 
this does not necessarily have to be the case; 
magnetic coupling of the rotational and spin angular 
momenta in the 2 + E state separate the F 1 and F2 
levels and consequently there is no requirement for 
the P 1 branch to have the same population as the P 2 
branch, etc. (see Figure A.1). A version of the 
program which de-coupled the F 1 and F2 levels did 
not produce a better least squares fit. 
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PROGRAM NEWSPECSIMS 
sine No. 
IMPLICIT DOUBLE PRECISION(A-H 2 O-Z) 
DIMENSION POPN(0:30) ,PEAKPOS(6,0:30),PINT(6,O:30) 
£DIGIT(700,2),DEGRADE(700),TPOP(0:30),RESID(700),RESIDOLD(700) 
OPEN(9,FILE='OUTPUT' ,FILETYPE='CEARACTER') 
OPEN( 3, FILE=' FPOPS' ,FILETYPE=' CHARACTER') 
OPEN(10,FILE= 'RESIDUALS' ,FILETYPE='CHARACTER') 
RMSOLD=1. 0 
LOOP=0 
CALL FPRMPT('Max. no. of cycles: 1 ,19) 
READ(5, * )MAX  
CALL INITIALISE(PEAKPOS,PINT,RESN,TERESR,POPN,KEY,PMIN,PjC,MPTS) 
CALL DIGITISE (DIGIT, NDIGIT) 
50 LOOPLOOP+1 
CALL SLITFN(RESN,NDIGIT,DIGIT,DEGRADE,PEJ1POS 
£ ,PINT,POPN,RNORM,NPTS ,RESID,RESIDOLD) 
CALL COMPARE(NDIGIT,DIGIT,PEAKPOS,RESN,POPN,TPOP, *60,DEGR.E, 
£TERESH,PINT,RNORM,RMSOLD,KEY,PMIN,PMpJC,INQ,t,JPTS,RESID,RESIDOLD 
£MAX) 
IF (LOOP.GT .MAX) TEEN 
PAUSE 'HAS NOT CONVERGED' 
GO TO 60 
END IF 
GO TO 50 
60 	PRINT*,LOOP ,' CYCLES' 
25 	CALL FPRMPT ('MAX. ROT. LEVEL: ',16) 
READ(5,101) NPTS 












SUBROUTINE COMPARE(N,DIGIT,PEAKPOS,RESN,POP,TPOP, *,DEGE, 
£THRESE,TP,RNORI4,RMSOLD,KEY,PMIN,PMAX,INQ,NPTS,RESID RESIDOLD MAX) 
IMPLICIT DOUBLE PRECISION(A-E,O-z) 
DIMENSION DIGIT(700,2) ,DEGRADE(700),PEAKPO5(6,O:30) ,POP(0:30), 
£RESID(700) ,RESIDOLD(700) 
50 	RMS=0.0 
DO 5 I50,NPTS 
C 	LOOP FOR SETTING INITIAL SUMS TO ZERO 
PROPSUN(15)=0 
SMALLF ( IS ) = 0 
5 CONTINUE 
DO 1 111,N 
C 	LOOP 1 FOR CHANNELS 
RATIO = DIGIT(I1,1)/DEGRADE(I1) 
RESID(I1)=DIGIT(I]., 1)-DEGRAJDE(I1) 
RMS=RMS+(DIGIT(I1,1)-DEGHAjE(I1) )**2 
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IF(MAX.EQ.1)GO TO 1 
C 	This is to enable the residuals & R.M.S. to be calculated 
C on a set of popns. without iteratively changing them. 
DO 3 13=0,NPTS 
C 	LOOP 3 FOR DIFFERENT ROTATIONAL POPULATIONS 
DO 4 14=1,6 
C 	LOOP 4 FOR THE SIX DIFFERNT BANDS 
SIG = RESN*3.0349 
C 	3.0349=DSQRT(2.0*DLoG(0.01)) 
IF(KEY.EQ.1)THEN 
IF(PEAKPOS(I 4 ,I3).GT.PMIN.AJD.ppOS(I4,I3).LT.pMAK) 	TO 50 
ELSEIF(PEAKPOS(14,13) .LT.PMIN.OR.PEAKPOS(14,13) .GT.PMAX)THEN 
GO TO 50 
ENDIF 
IF(PEAKPOS(14,13) .LT.(DIGIT(I].,2)-SIG) 
£.OR.PEAKPOS(14,13).GT.(DIGIT(I1,2)+SIG)) GO TO 50 
FRAC=1 . 0/RESN*2 . 5 066) *DEXP(_0.5*((DIGIT(Il,2)_PpOS(I4,I3)) 
£/RESN)**2) 
C 	2.5066=SQRT(2P1) 
C FRAC=GAUSSIAN FRACTION 
PROP=(FRAC*POP(I3)*Tp(I4,I3)/RNORM)*(F .pJC**1) 
C 	THE SECOND TERM OF 'FRAC' IS TO GIVE MORE WEIGHT TO PEAKS 
C NEAR THE POSITION WHERE ONE IS LOOKING 
PROP=PROP/DEGRADE (Ii) 









IF(MAX.EQ.1)Gc) TO 30 







IF(TPOP(17) .GT.BIG) BIG=TPOP(I7) 
7 CONTINUE 
30 RMS=DSQRT(RMS/N) 
IF(MAX.EQ.1)Go TO 20 
IF(RMS.GT .RMSOLD) THEN 
DO 6 I6=1,N 
RESID(16)=RESIDOLD(16) 
6 	CONTINUE 
PRINT*,FIT STARTING TO DIVERGE ; R.M.S. FIT ',RMSOLD 
PRINT*,'IF YOU WANT TO CONTINUE,TYpE IN l.IF NOT,KEY RETURN' 
READ(5,99)INQ 
IF(INQ.NE.1)RETURN 1 




C 	THIS IS TO STOP THE PROGRAMME IF THE FIT GETS WORSE EVEN IF 
C THE POPULATIONS HAVE NOT YET STABILISED 
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RMSOLD=RMS 
DO 2 12=1,N 
RESIDOLD(12)=RESID(12) 
2 	CONTINUE 
.25 	DO 8 18=0,NPTS 
TPOP(18)=TPOP(18)/BIC 












SUBROUTINE INITIALISE(PEAKPOS ,PINT,RESN,THRESH,POPN, KEY, PMIN,PMAX 
£,NPTS) 
IMPLICIT DOUBLE PRECISION (A-R,O-Z) 
DIMENSION PINT(6,0:30),PEAKPOS(6,0:30) ,POPN(O:30) 
CHARACTER*13 FNAME 
CALL FPRMPT('INPUT FILE:',ll) 
50 READ ( 5, 99 ) FNAME 
OPEN(1,FILE=FNAME,STATUS='OLD' ,ERR=50) 
CALL FPRMPT( 'MAX. ROT. LEVEL: ',16) 
READ(5,101)NPTS 
CALL FPRMPT('K:',2) 
DO 1 I1=0,NPTS 
DO 2 12=1,6 




CALL FPRMPT('FWEM RESN:',lQ) 
READ (5, * ) RESM 
RESN=RESN/2 
CALL FPRMPT( 'THRESH: ' , 7) 
READ (5, * ) THRESH 
PRINT*,' 
PRINT*, 'To VIEW part of spectrum,press RETURN' 
PRINT*,'for KEY prompt & enter start & end 
PRINT*,'pts for PMIN & PMAX' 
PRINT*,'To IGNORE part of spectrum,enter 1 for KEY prompt' 
PRINT*,& type in start & end pts of deleted part' 
PRINT*,'for PMIN & PMAX' 
PRINT*,' 
CALL FPRMPT( 'KEY:' ,4) 
(51 * ) KEY 
CALL FPRMPT('PMIN:',S) 
READ(5,*)PMIN 
CALL FPRMPT ( 'PMAX: ', 5) 
READ (5, * ) PMAX 
99 FORMAT(A13) 
101 FORMAT(12) 
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MrMlm 
SUBROUTINE SLITFN ( RESOLN , NPTSO, DIGIT ,DEGRADE, PEAKPOS 
£,TP,POP,BIG,NPTS,RESID,RESIDOLD) 
IMPLICIT DOUBLE PRECISION (A-H 2 O-Z) 
DIMENSION DEGRADE(700),DIGIT(700,2),PEAKPOS(6,0:30),Tp(6,0:30) 




DO 1 I1=1,NPTSO 
DEGRADE(I1)=1 . OD-06 
DO 3 13=0,NPTS 
DO 4 14=1,6 
IF(PEAKPOS(14,13) .LT. (DIGIT(I1,2)-SIG) 
£.OR.PEAKPOS(14,13).GT.(DIGrr(I1,2)+SIG)) GO TO 50 








DO 5 15=1,NPTSO 
IF(DEGRADE(15) .GT.BIG) BIG=DEGRADE(15) 
5 	CONTINUE 






IMPLICIT DOUBLE PRECISION(A-H,o-z) 
CHARACTER* 13 FNAME 
DIMENSION DIGIT(700,2) 
CALL FPRMPT( 'DIGITISED SPEC FILE: ' ,20) 
50 	READ ( 5, 100 ) FNAME 
OPEN(30,FILE=FNAME,STATUS= 'OLD' ,ERR=50) 
READ (30 ,101) N 
DMAX=0.O 
DO 1 I11,N 
READ(30,*) DIGIT(I1,2) ,DIGIT(I1,1) 
CONTINUE 
DO 3 13=1,N-1 
DIGIT( 13,1 )=DIGIT(I3,1) *DABS(DIGIT(13+1,2)_DIGIT(I3,2)) 
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APPENDIX III 
E(K) Values for H20 (X 1 A 1 , & 1 B 1 ) 
The rotational energy levels for a prolate asymmetric 
rigid rotor are given by 
F(JK K 	= I (A + C)J(J + 1) + I (A - C)E(K) ac 
where A and C are the rotational constants associated with 
the axes of lowest and highest moments of inertia 
respectively and K = ( 2B - A - C)/(A - C) is the 
asymmetry parameter. E(K) is tabulated below as a 
function of K and rotational level J KK  for H20 (X 1 A 1 , 
J < 5) and H20 (6 1 B 11 J < 7); the tables are adapted 
38 from Townes and Schawlow. 





-8.6713432 5 41 
-9.2590913 5 42 
32 
13.2333367 5 33 
13.2306288 5 23 
1.5281625 5 24 
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20  (X 1 A 1 ) , K = -0.438 
K 	E(K) i K  
000 	0.0000000 3 22 
12 
110 	0.5620000 3 13 




2 20 	2.6971465 	4 41 
2 21 	2.5620000 	4 31 
2 11 	-1.7520000 	4 32 
2 12 	-3.4380000 	4 22 
202 	-4.4491465 	4 23 
13 
30 	6.9403755 	4 14 
31 	6.9193432 	4 04 
3 21 	-1. 1209087 
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2° (C 1 B 1 ) , K = -0.529 
K E 0 1 K K E(K) ac  ac
O 0.0000000 5 33 -6.6287406 
32 -6.3218375 
1 01 -1.5290000 5 42 5.5761988 
1 11 0.0000000 5 41 5.5871117 
1 10 0.4710000 5 51 21.2662629 
50 21 .2663790 
2 20 -4.6800663 
2 12 -3.5290000 6 60 -36.391310 
2 11 -2.1160000 6 16 -36.294510 
2 21 2.4710000 6 15 -27.249824 
2 20 2.5640663 6 25 -25.738020 
6 24 -21.508673 
03 -9.6175881 6 34 -15.549224 
13 -8.8758874 6 33 -14.704171 
12 -6.0616546 6 43 -3.634907 
22 -2.1160000 6 42 -3.241138 
21 -1.6724119 6 52 12,328734 
31 6.7598874 6 51 12.329996 
30 6.7716546 6 61 31.517202 
6 60 31.517212 
04 -16.5045251 
14 -16.089966 7 07 -49.387645 
13 -11.460436 7 17 -49.344769 
23 -8.3050871 7 16 -38.011932 
22 -7.0917952 726 -37.120901 
32 0.7999663 7 25 -30.731329 
31 0.8804356 7 35 -26.007484 
41 13.015087 7 34 -24.159746 
40 13.0163204 7 44 -13.582613 
743 -13.396671 
05 -25.4253975 753 1.960026 
15 -25.2175223 7 52 1.967450 
14 -18.4595414 62 21.079514 
24 -16.156199 7 61 21.079646 
23 -13.6767142 7 71 43.768228 
70 43.768228 
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TWO-PHOTON EXCITATION OF H2 0 AND D2 0 WITH A KrF LASER (248 nm): 
PHOTOFRAGMENT FLUORESCENCE FROM OH AND OD(A 2) 
C. FOTAKES, C.B. MCKENDRICK and R.J. DONOVAN 
Department of Chemistry. University of Edinburgh. Edinburgh E119 3/f, UK 
Received 27 February 1981; in final form 9 March 1981 
Photofragment fluorescence, from OH and OD(A 2,,,+,  X 2 r1) has been observed following two-photon excitation of 
H20 and D20 in the gas phase with a KF laser (248 nm). The rotational band contour of the OH fluorescence is the same 
as that observed following single-photon vacuum ultraviolet photolysis of H20 at 123.6 rim. 
Introduction 
There have been a number of reports on photofrag-
ment fluorescence following "multiphoton" excitation 
of polyatomic molecules, but in most cases the mecha-
nism by which excitation occurs is poorly understood 
[I] - The main uncertainties lie in the distinction be- 
tween direct (simultaneous) multiphoton excitation 
and sequential multiple-photon excitation [1-41 - 
In this communication we describe a clear example 
of a direct multiphoton excitation process which gives 
rise to photofragment fluorescence. We show that by 
irradiating water vapour with a KrF laser, at 248 nm 
(a region where water is completely transparent) elec-
tronically excited molecules are produced and that 
these undergo predissociation yielding excited 
OH(A 2 E) radicals. 
Experimental 
Water vapour was contained in a cross shaped static 
fluorescence cell, fitted with quartz (Spectrosil B) 
windows (d = 5 cm). The vapour pressure could be con-
trolled by adjusting the temperature of a bath surround-
ing a side-arm reservoir containing distilled and degassed 
liquid water. For the experiments with D 2 0, another 
side-arm reservoir containing degassed and distilled 
D20 (Prochem, 99.8%) was fitted and the cell flushed 
several times with D 2 0 vapour before photolysis ex- 
periments were started. The purity of the D 2 0 sample 
used was checked by infrared spectroscopy. No signifi-
cant amounts of H 2 0 could be detected. 
The laser used in this work was a transverse discharge 
pumped system (Lamdba Physik EMG500) capable of 
delivering (unfocused) 8 MW/cm 2, at 193 nm (ArF 
laser) and l0...MW/cm 2 at 248 nm (KrF laser). The 
pulse duration was 15 ns for both wavelengths. In the 
experiments reported here the output of the laser was 
focused to an area of --0.03 cm 2 at the observation 
point and thus the photon fluxes achieved were of the 
order of0.l GW/cm 2 . 
For these experiments it was crucial to minimise 
scattered light. Scattered light and fluorescence from 
the quartz windows, in the range 300-500 nm, can 
result in a poor signal-to-noise ratio, especially at the 
high laser energies employed. The use of a large volume 
cell, a small iris in front of the entrance window and a 
tilted exit window (reflecting scattered light into a 
Wood's horn) were found to be very effective in reducing 
such effects. 
Fluorescence from the photofragments produced by 
laser excitation was observed at right angles to the laser 
beam, using a McKee—Pederson monochromator (MP 
1018B) and an EM19661 B  (S5 response) photomulti-
plier. The output of the photomultiplier was fed to a 
Brookdeal 2415 linear gate and hence to a chart recorder. 
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3. Results and discussion 
Fluorescence was observed from OH(A 2+ , 
X  2)$ following excitation of H 2 0 at 248 nm, with 
the KrF laser line, as shown in fig. I. The correspond-
ing fluorescence from OD(A2E - X 2fl)*  following 
excitation of D 2 0 is shown in fig. 2. The intensity of 
fluorescence was found to be quadratically dependent 
on the laser intensity for both H 2 0 and D 2 0 and to in-
crease slowly with vapour pressure over the range 0.1-
2.0 kN m 2 . The quadratic intensity dependence sug-
gests that a two-photon excitation mechanism is opera-
tive and we have therefore compared our results with 
those from studies of single-photon vacuum ultraviolet 
photolysis of H 2 0 [5-7] (the transitions allowed for 
single-photon absorption by H 2 0 are also allowed for 
two-photon absorption). 
There is a striking resemblance between the 
OH(A 2E ; X 2fl)  band contour observed in the 
present work and that observed by Okabe [7] following 
photolysis of H20 at 123.6 nm. The rotational distri-. 
Only the (0,0) band could be positively identified. 
I 
nIIl 
Fig. 1. Photofragrnent fluorescence from OH(A aE+, V = 0-
X 2 n, v" 0) following two-photon excitation of H20 at 248 
nm (KrF laser). The line at 272 nm arises from scattered laser 
radiation. PH20 = 2.0 kN m 2 , laser intensity = 90 MW cm 2 . 
O0(A'ln'.X'TT) 
Fig. 2. Photofragment fluorescence from OD(A 2 	u' = 0 
X 2" = 0) following two-photon excitation of D20 at 248 
run (KrF laser). The line at 272 nm arises from scattered laser 
radiation. Pj0 = 2.0 kN m 2 ; laser intensity = 165 MW cm-2 . 
bution observed by Okabe is strongly inverted and 
peaks at N' = 20. Under the conditions used in our ex-
periments a large fraction of the OH(A 2i - X 2 fl) 
fluorescence is directly quenched; however the very 
high efficiency for electronic quenching by water pre-
serves the nascent rotational distribution and our ob-
served spectra are expected to correspond closely to 
the initial distribution (k Q (rot) I X 10-10 cm  
molecule-1 s 1 , kQ (el) 5 X 10-10 cm 3 molecule- ' 
r')[8]. 
The absorption spectrum of H 2 0 at 124 nm has 
been examined in detail by Johns [9] , as it is one of 
the few regions in the entire spectrum to show rota-
tional fine structure. Analysis of this structure [9] al-
lowed Johns to assitn the 124 nrn band to the transi-
tion H2 0(C 1 B 1 -X 1 A 1 ). The C state is  Rydberg 
state with the configuration ... (lb 1 )(3pa 1 ). The rota-
tional structure shows clear evidence of predissociation 
and Johns suggests that this is due to the B 1 A 1 state, 
which correlates with OH(A 2+).  Direct absorption 
to the B 1 A 1 state is also expected in this region [5] 
but should be weaker than that to the ?!state. The ro-
tational distribution in OH(A 24)  is thus mainly deter-
mined by the recoil dynamics on the B 1 A 1 potential 
surface. This has been discussed in some detail by 
Simons and co-workers [5,10]. 
The polarisation of the fluorescence from OH(A 2 E) 
could provide further detailed information on the cxci- 
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tation process [10,11] and we plan to study this. How-
ever it is noteworthy that the fluorescence polarisation 
observed in single-photon studies of H 2 0 shows a pro-
nounced drop at 124 nm, possibly due to the increased 
lifetime of the C 1 13 1 state compared with that of the 
B 1 A 1 state. We would therefore expect fluorescence 
from OD(A 2+)  to be less polarised than that from 
OH(A 21+),  due to the increased lifetime of the C 
state for D 2 0. 
We have also briefly examined the excitation of 
H2 0 and D2 0 at 193 nm, with the ArF laser line. In 
agreement with previous work [21, we found only very 
weak emission in the region 195-205 rim. This is at 
first sight rather surprising as the cross section for two-
photon excitation should increase rapidly as the first 
(single-photon) absorption band, H 2 0(A 1 B 1 - X — 'A l ), 
is approached. However, little is known about the states 
of water in the 96.5 rim region and competition be-
tween the many possible photofragment channels and 
photoionisation may result in low fluorescence yields. 
We are currently examining this problem in more detail. 
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Short Communication 
Laser photodissociation of NO 2 at 248 am and production of NO(A 2E 
X 2fl)  fluorescence 
C. B. McKENDRICK, C. FOTAKISt and R. J. DONOVAN 
Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 
3JJ (Gt. Britain) 
(Received April 26, 1982) 
With the development of high power UV excimer lasers multiphoton 
excitation (MPE) has been used as a means of bypassing several of the prob- 
I; by the National Fund lems of vacuum UV photochemistry and consequently, through the analysis 
of fluorescence from electronically excited photofragments, to investigate 
the dynamics of the photodissociation of polyatomic molecules. The role of 
the intermediate state in MPE is of particular interest [1], i.e. whether it is 
a virtual state in a simultaneous MPE process or whether it is a real state, 
bound, unbound or predissociated, in a sequential MPE process. In the latter 
VóL4, 1980, p. 115. case, if the state is unbound or predissociated there will be competition 
n.Bwphya., 200 (1980) 1. 
between the up-pumping process and dissociation into photofragments. The 
photofragments may then absorb another photon to produce laser-induced 
fluorescence, a process which has increased probability when relatively broad 
and D. E. Pettijohn, P-cw. band excimer lasers are used. The outcome of this competition will ultimately 
depend upon the intensity of the laser and the strength of the predissocia- 
(1964) 3625. tion or the degree of repulsion in the intermediate state. The laser photolysis 
31 1977 415 ( 
of NO2 at 248 nm is reported in this communication. The laser line overlaps 
j 	the (000-000) band of the NO 2(B 2B 2 	X 2A 1 ) transition at 249.1 nm 
which, owing to predissociation, has a lifetime of 42 ± 5 ps [2]. 
A cross-shaped static fluorescence cell fitted with Spectrosil windows of 
diameter 5 cm was filled with various mixtures of NO 2 (47 - 532 N m 2 ) and 
N2 (0- 89 kN m 2). The rear window of the cell was at an angle such that 
scattered light from the laser beam was directed into a Wood horn. A trans- 
verse discharged excimer laser (Lambda Physik EMG500) operating at 248.4 
I 	nm (KrF) with a bandwidth of about 0.35 nm was used as the excitation 
source. The beam was focused first by a cylindrical lens (1= 25 cm) and 
secondly by a convex lens (f 	10 cm) so that the cross-sectional area at the 
observation point was about 0.04 cm 2 ; photon fluxes of the order of 10 26 - 
1027  photons CM-2  s' (i.e. 10 18 - 10 19  photons CM-2  per pulse) were readily 
*Present address: Department of Physics, University of Crete, Iraklion, P.O. Box 
470, Crete, Greece. 
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achieved. Fluorescence was observed at right angles to the laser beam using a 
Jobm-Yvon HRS2 monochromator with a grating blazed for 300 nm and an 
EM19781B photomultiplier. The output of the photomultiplier was con-
nected to a Brookdeal 2415 linear gate (1 ;Ls) and subsequently to a chart 
recorder. 
Fluorescence from NO(A 2E -+ X 2fl) in the region 195 - 290 nm was 
detected when NO 2 was irradiated by KrF laser light at 248.4 nm. The inten-
sity of the NO(A - X) fluorescence was proportional to the laser energy 
raised to the power 1.6 ± 0.1. For NO 2 pressures of about 0.5 kN m 2 fluores-
cence from NO(A 2r, v' = 3, 2, 1, 0) was observed, with the u' = 3 progres-
sion by far the strongest (Fig. 1). At lower pressures (about 47 N m 2 ) the 
= 2, 1, 0 progressions were barely detectable, indicating that vibrational 
relaxation of NO(A 2E, u' = 3) by NO 2 was responsible for the fluorescence 
from NO(A 2+  v' < 3) at higher pressures. On addition of a large amount 
of N2 (about 89 kN m 2 ) to 0.5 kN m 2 of NO 2, the majority of the fluo-
rescence resulted from the v' = 0 progression (Fig. 2) with the relative 
v-9 	8 	7 	6 	5 	4 	3 	2 	1 	0 
LASER 
UNE 
290 	280 	270 	260 	250 	240 	230 	220 	210 	200 
Fig. 1. Laser-induced fluorescence from NO following photolysis of NO2 at 248 run 
(No 0.5 kN m 2 ; laser energy, 25 mJ). Bands originating from the v' = 3 level of the 
NO(A - X 2fl)  system are indicated. 
	
V'- 4 	3 	2 	1 	0 
V 	
V 	 Fig. 2. Laser-induced fluorescence from NO following the photolysis of NO2 (PNO = 0.5 
V 	V 	 kN m 2 ) at 248 nm in the presence of a large excess of N2 (PN2  89 kN m 2 ; laser energy, 
V 	 50 mJ). Bands originating from the u' 0 level of the NO(A 	-, X 211) system are indi- 
cated. 
- 	V 	 VV•V 	 .. 
-• 	
- .- 	
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ie laser beam using a intensities of the u' = 1, 2, 3 progressions decreasing in that order owing to 
d. for 300 nm and an vibrational relaxation of NO(A 21+,  v' = 3) by N 2 [3] . When smaller amounts 
multiplier was con- of N2 were added (8 - 66 kN M— 2) the intensities of the v' = 1, 2, 3 progres- 
equently to a chart sions relative to the u' = 0 progression increased as PN  decreased. 
These observations can be rationalized as follows. NO 2( 5Z 2A 1 ) absorbs 
n 195 290 nm was one photon of 248 nm radiation and undergoes a transition to the B 2112 
48.4 nm. The inten- statet. The B 2B2 state is rapidly predissociated (lifetime, 42 ± 5 ps at about 
to the laser energy 249.7 nm) [2] to produce NO(X 2,  v" ' 	8) and 0( 3P). The vibrationally 
0.5 kN m 2 fluores- hot ground state NO then absorbs another 248 nm photon to undergo the 
h the u' = 3 progres- resonant transition NO(A 21+ 	v' = 3 - X 2fl, v" = 6) and hence produces 
thout 47 N m 2 ) the NO(A 21+,  u' = 3 -+ X 211, v" = n) fluorescence by a laser-induced fluores- 
ting that vibrational cence process. it is interesting to note that the NO(A 21+ 	u' = 0 	X 2fl, 
for the fluorescence u" = 2) transition overlaps the extreme wing of the laser line at about 247.9 
n of a large amount nm, but the U' = 0 progression is not observed despite a favourable Franck- 
riajorty of the fluo- Condon factor for the (0, 2) band. Unfortunately no assessment of the relative 
) with the relative populations in the v" = 2 and u" = 6 levels can be made at this stage as a 
knowledge of the rotational distribution in these two levels would be needed 
4 to determine the overlap of the relevant transitions with the laser line. 
A small contribution due to the two-photon sequential excitation of 
NO2 , which produces an upper state which subsequently dissociates to 
produce NO fluorescence, cannot be entirely ruled out. However, our spectra 
do not display detectable amounts of NO(B 2fl,  c 211, D 21 -+ X 2fl) fluores- 
cence, and this suggests that two-photon excitation of NO 2 to produce 
excited NO is a minor process since Lenzi and Okabe [4] observed emission 
from the B, C and D states for X < 129 nm in single-photon vacuum UV 
photodissociation of NO 2 . In addition, two photons of 248 nm radiation 
produce states above the ionization limit of NO 2 (ionization potential, 9.78 
eV) and ion formation may be a competing channel. Although single-photon 
'sis of NO 2 at 248 nm 
vacuum UV studies [5] indicate that the quantum yield for ions at about  
i the v' = 3 level of the 124 nm is less than 2% the selection rules for single- and two-photon transi- 
tions differ and it may be that ionization is a more significant process with 
two-photon excitation. It is our intention to investigate this further and to 
examine the nascent NO(X 2fl)  vibrational and rotational distributions using 
a dye laser as a probe in order to provide information on the dynamics of the 
photodissociation process. A similar study has been carried out by Zacharias 
et al. [6] using a nitrogen laser at 337 nm and a dye laser as a probe in which 
the rotational and vibrational populations were shown to deviate strongly 
from an equilibrium distribution, indicating a non-statistical decay mecha- 
nism. This contrasts with the results of Busch and Wilson [7, 8] at 347 nm 
(doubled ruby laser line) who used mass spectrometry detection of the 
	
ysis of NO  (PN02 = 0.5 	 tNO may also be formed by absorption into a weak continuum of B2 vibronic sym- 
9 kN m 2; laser energy, metry [2) which lies in this region. The concentration of N20 4 is very low under the 
X 211) system are mdi- 	 conditions used and photolysis of this species is not expected to yield significant amounts 
of NO. 
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photofragments and time-of-flight measurements to obtain the product 
energy distribution. Their results were interpreted theoretically by Quack 
and Troe [9] as following a decay mechanism with a statistical distribution 
of the excess energy. 
We are indebted to the Science and Engineering Research Council for 
an equipment grant and support for C.F., and to the Carnegie Trust for sup-
port of C.B.McK. 
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PHOTOCHEMISTRY WITH :-IIGH POWER ULTRAVIOLET LASERS 
R.J. Donovan, C. Fota:-:is, M. Martin, C.B. McKendrick and 
A. Hookirk 
Department of Chemistry, University of Edinburgh, 
West Mains Road, Edinburgh, EH9 3JJ. 
ABSTRACT 
Recent work on photofragment fluorescence following ultraviolet 
multiphoton excitation of the molecules H20, CH3I, CH212 and ICN, 
using high power lasers, is reviewed. 
INTRODUCTION 
The use of high power ultraviolet lasers has opened up several new 
areas of photochemistry. In this short review we shall consider one 
of these areas, namely, ultraviolet multiphoton excitation. We shall 
show that this provides a convenient means of producing highly 
excited electronic states which lie at energies corresponding to the 
experimentally difficult vacuum ultraviolet region of the spectrum. 
It is important to note at the outset that the selection rules for 
multiphoton processes are in many cases different to those for single 
photon processes (eg. the population of two-electron excited states 
is allowed for two-photon absorption but strongly forbidden for 
single photon absorption) and this provides access to a new range 
of excited states. The highly excited states produced by multiphoton 
excitation are frequently predissociated and lead to free radical 
formation. In some cases the photoframents are produced in excited 
states and give rise to fluorescence. 
A number of reports of photofragment fluorescence have now appeared 
(see Donovan, 1981, for a review) but in most cases the mechanism by 
which excitation occurs is poorly understood. The main uncertainties 
lie in the distincion between simultaneous (coherent) multiphoton 
excitation and sequential rtiu7;iple-photon excitation. In some cases 
secondary excitation of primary photofragments also takes place and 
this can complicate the mechanistic analysis. 
We shall consider here four molecular systems which illustrate the 
complexities of multiphoton excitation and photofragrnentation. The 
first case considered, that of the coherent two-photon excitation of 
H20, is the most clearly understood. We then discuss the multiphotor 
excitation of CH3I and CH212 where both coherent and sequential 
excitation are thought to play a role. Finally, we discuss the two-





The experimental arranement for the observation of photofracment 
fluorescence followir.o laser excitation is shown in figure 1. The 
laser used in this wcrk -as a transverse discharge pumped system 
(Lambda Physik EMG500 1 caDable of delivering (unfocused) 	8 MW cm 
at 193 nm (ArF line) and 	lO MW c7. 2 at 248 nm (KrF line). The 
Dulse duration was 	l ns at both wavelengths. Fluorescence from 
the photofragments was --b-served at right angles to the laser bea 
using a spectrograph and optical multichannel analyser (EG & G, 
OMA-2, with silicon intensified vidicon) or, with a scanning 
monochromator,' photomuloiplier (EMI 9661B; S5 response) and gated 
integrator (Brookdeal 2415). 
vacuum line 
LM 
exc,plex laser 	 I 	V 	I 	 j PC 
Fig. 1. Experimental arrangement used for recording laser-
induced fluorescence sectra: PC photolysis cell, LM laser 
energy meter, OMA optical multichannel analyser, DP data 
processor. 
RESULTS AND DISCUSSION 
The ohotochemistry of water is of considerable practical 
importance and it has therefore attracted wide interest. There are 
however only two reported studies of its multiphoton excitation in 
the gas phase. Wang and Davis (1975) observed dissociative 
excitation at 280 nm using a pulsed dye laser. The formation of 
oxfl) was observed by laser induced fluorescence using the same 
d7e laser pulse. 
More recently Fotakis, M­_- Kendrick and Donovan (1981) have observed 
hocfracnent fluorescence from 0H(A2E+)  following excitation of 
C -:.7i _'n a KrF laser (243 nm). Water is completely transparent at 
zhi wavelenath and there is insufficient energy for a single photon 
to. brinp about disscc:ation. We can therefore exclude secondary 
excitation of OH as the source of the fluorescence. The threshold 
for formation cf 0H(A2), in terms of singlc photon excitation, is 
7 nm. 	therefore conclude that excitation with a KrF laser 
irr;o.lves a coherent 	:o-nhaton rrchn rr 
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Two =1noton excitation at 24E nm will copulate the '( 1 B1) state of 
water. This state exhibits rotational structure although it is quite 
stronlv credissociated by the 	'( 1A) state (Johns 1963). There have 
been a number of studies of the single photon vacuum ultraviolet 
excitation of these states and it is well established that OH(A 2 ) 
is formed (10 quantum yied) with a rotational population inversion 
in the photodissociation process (see Ashfold, Macpherson and Simons, 
1979, or a review). The high rotational angular momentum imparted 
to the OH radical results mainly from the change in geometry on going 
from the bent COBO state to the linear, dissociative, (A1) state. 
In addition to avoiding the well known difficulties of working with 
vacuum ultraviolet radiation, two-photon excitation of H20 offers a 
further advantage in that the sample remains optically thin even with 
high partial pressures of water. This property will be of general 
importance for raultiphoton excitation and allows the homogeneous 
production of free radical species in a sample that would be 
optically thick to vacuum ultraviolet radiation. 
CH3I. The multiphoton excitation of CH3I has been discussed 
previously (Fotakis, Martin, Lawley and Donovan, 1979) and we shall 
restrict ourselves here to those features that will aid the 
discussion on CH212 below. Excitation of CH3I with an ArF laser 
(193 run) produces electronically excited CH radicals and iodine atoms. 
The formation of these products requires the absorption of two photons, 
on energetic grounds: ionisation also becomes possible at this energy 
but is observed to be negligible. The absorption spectrum of CH3I 
in the region of 193 nm is discrete and has been assigned to Rydberg 
transitions associated with the iodine atom. We therefore expect 
sequential pumping to play a role in the two-photon excitation 
process. The second photon absorbed is expected to interact with 
the CH3 group in the molecule as this facilitates the formation of 
excited CH radicals. The final state is termed a super—xcted 
state as it lies above the ionisation limit of CH3I. The fact that 
photcdissocjation is more im-ortant than ionisation suggests that it 
is also a two—elec - ron excited state. Such states are expected to 
mix only weakly with the ionisation continuum and thus have 
relatively long autcionisation lifetimes (>10-12 s). 
Finally we note that only a sall fraction of the ArF laser line is 
absorbed by CH3I due to the broad band-width of the laser and the 
discrete nature of the CHI scectrum. The off-resonance light can 
however contribute to the overall pumping process' via coherent two-
photon absorption. This will be enhanced by the very close proximity 
of the Rydberg levels. The ceral1 excitation crocess at 193 nm may 
therefore be written as, 
CH3I + h' 	CHI' 	
hv 
2 h 
CH 3 *I* 	CH* an 	1* 
1 )( 
I i0 
io-ohoton excitation Of CI at 2 4 S nm (KrF laser line) 
orcces a rich varie 	cf oroducts including electronically excited 
C, I-, I, C and ionised secies (artin, Fotakis and Donovan, to be 
ub1.shed) . The sectru of C2i2 in the ultraviolet is only oor1y 
understood and this results in a correspondin uncertainty in the 
two-photon excitation mechanism. It is known that sinqle photon 
ascrtion at 248 nm leads to the formation of vibrationally hot 
CH,I radicals (3aughcum and Leone, 1980). Secondary excitation of 
CH-,I has been observed at 266 run (Kroger, De.-cu and Riley, 1976) and 
this may also cccur at 248 nm. A possible route to CH(A 2 A) is 
t'ner.e fore, 
CH212 ± hv 	Ci2I 	 CH,) I 
CH2 I* 	- CH ± HI 
(* denotes vibrational excitation and * electronic 
excitation). 
However, this mechanism cannot account for the observed formation of 
12(F), CH(B 2E) and CH(C 2 E). It appears therefore that sequential or 
coherent two-photon excitation, analogous to that discussed for CH3I 
above, also takes place, i.e. 
CH212 + hu 	W CH212* 	
hv 	cH2*12* 
2hv 
CH 2 *I2 	$ CH', 12*, etc. 
Excitation of CH212 at 193 nm (ArF) leads to a similar set of excited 
state products. The CH(A 2 t - X2 ],, ) fluorescence has been rotationally 
resolved in this case (figure 2) and the rotational temperature 
determined as 3000 K. This provides a valuable clue to its 
mechanism of formation as the precursor must have a substantial 
amount of vibrational energy present in a bending mode, suggesting 
that the CH2I*  radical is involved following excitation at 193 nm. 
Further work is clearly required for a more complete understanding 
of the excitation process at both 248 and 193 nm. 
139 
I 	 I 	 I 
420 430 440 
Fig. 2. CH(A2 - X2 ) photofragment fluorescence following 




Carbon Atom Fluorescence. Strong carbon atom fluorescence is 
observed at 193.1 nm, C(3 1 P1 - 2 1 D2), following excitation of CH212 
with the KrF laser line (248 nrx), however this is not the result uf 
a primary process but results from secondary laser induced 
fluorescence from C(2 1 S0). The transition C(3 1 P1 -- 2 1 S0), which 
lies at 247.9 nm, overlaps the KrF laser output resulting in laser 
induced fluorescence at both 247.9 nm and 193.1 nm (see figure 3). 
The fluorescence at 247.9 nm is obscured by scattered light from the 
laser but that at 193.1 nm is readily observed. This allows C(2 1 S0) 
atoms to be detected with high sensitivity and it is probably a fairly 
minor photochemical product in the CH212 system. The origin of the 
C(2 1 S0) is not clear at present and it may arise from secondary 
excitation of a primary photo-fragment. 
Laser induced fluorescence from C(2 1 D2) following excitation of a 
number of carbon containing comtounds (egs. CO, C2H2, C2H, CH3I) 
with the ArF laser line (i.e. the reverse of the cycle shown in 
figure 3) has been observed previously. The chance coincidence 
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between the two laser lL.es and the two carbon atom transitions 
appears somewhat surcrs:ng at rirst sight but it sbculd be 







Fig. 3. Energy levels of atomic carbon involved in laser 
induced fluoresccncc from C(2 1 S0) excited by the KrF laser 
line (248 nm). 
IcN. The photochemistry of the cyanogen halides has attracted 
ccnsiderable experimental and theoretical interest (see Ashfold, 
Macpherson and Simons, 1979, for a review). Vacuum ultraviolet 
photolysis produces electronically excited CN(A and B state) 
radicals and this has facilitated the study of the photodissociation 
dynamics. The vibrational and rotational energy distribution in the 
C'-','*'radical has been shown to be very sensitive to the nature of the 
ICN state populated. In general the discrete (Rydberg) spectral 
features give rise to hot vibrational and rotational distributions, 
while the underlying continuum gives rise to a cold distribution 
(shfold, Georgiou, Quinton and Simons, 1981). 
in a recent study using two-photon excitation at 248 nm (KrF laser) 
we have shown (Hopkirk and Donovan, to be published) that CN(B2 E) 
is formed with a relatively cold vibrational distribution although 
the spectrum of ICN at 124 nm is dominated by a discrete transition 
to the 8s( 3 1T) Rydberg state. This contrasts sharply with the hot 
distribution observed by Ashfold and Simons (private communication) 
following single photon excitation at 123.6 nm (table 1). It was 
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TA:3LE 1. V.bation a1 istributjons (N/'N,) for CN( -  ) 
ar.d single z'hcton excttatjon 
of lclq 
V 	D...o-ohotcn 	 .Eincle photon 
excitation C., 	242 	excitation' 	nrn) 
0 	 1.0 	 1.0 
1 	 0.4 	 0.77 
2 	 0.2 	 0.75 
3 1 0.1 	 0.52 
4 	 <0.1 	 0.54 
LAshfold and Simons, private communication. 
suggested by Hopkirk et al. that this difference results from the 
different electronic states of ICN accessed by two-photon excitation, 
however, an alternative mechanism involving sequential excitation 
via a reu1sjve' intermediate state could not be ruled out. The 
latter mechanism is expected to lead to a broader and cooler 
distribution of vibrational states, as the sequential pumping process 
can in principle sample a wide range of I-CN internuclear separations 
during dissociation on the repulsive intermediate surface. However, 
the probability of a molecule absorbing a second photon during this 
dissociation process is expected to be rather small as the lifetime 
in the reDulsive state will be <10_ 12  S. 
CONCLUSION 
It is clear from the above discussion that the crucial step in 
understanding the mechanism of multiDho.ton excitation and the 
production of photofragment fluorescence lies in identifying the 
final state or states of the parent molecule. Of the examples 
discussed only the two-photon excitation of water is understood 
in any detail. Future work should therefore concentrate on 
identifying these, high lying electronic states. 
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R. J. DONOVAN, C. FOTAKIS, A. HOPKIRK, C. B. MCKENDRICK. and A. TORRE. Can. J. Chem. 61, 1023 (1983). 
Rotationally resolved photofragment fluorescence from OH(A 2
) following the coherent two-photon excitation of H 20 
with a KrF laser (248 nm), is reported and the dynamics of the dissociation process are discussed. Fluorescence from CN(B 2 ) 
following two-photon excitation of ICN is also described. In both cases the energy distribution in the photofragmentS is shown 
to differ significantly from that observed with single-photon excitation at closely similar energies. 
Two further examples of multiphoton excitation, involving CS 2 and SO2
, are briefly discussed. In these cases absorption 
of a further photon, by fragments produced in the primary step, gives rise to strong laser-induced fluorescence. 
R. J. DONOVAN, C. FOTAKIS, A. HOPKIRK, C. B. McKENDRICK et A. TORRE. Can. J. Chem. 61, 1023 (1983). 
On rapporte la fluorescence de photofragment resolue rotationnellement a partir de OH(A 2I) après excitation par deux 
photons cohérents de l'eau a l'aide d'un laser au KrF (248 nm) et on discute des dynamiques du processus de dissociation. 
On dCciit egalement la fluorescence provenant de CN(B) 
qui suit l'excitation du ICN par deux photons. Dans les deux cas 
on montre que la distribution d'énergie des photofragments diffère de façon significative de celle observée lots d'une excitation 
a l'aide d'un photon unique a des energies trés semblables. 
On discute brièvement de deux autres exemples d'excitations par multi photon qui impliquent Ic CS,. et Ic SO
2 . Dans ces cas 
labsorptiOfl d'un autre photon, par les fragments produits dans la premiCre etage, donne lieu a une forte fluorescence induite 
par un laser. 	 (Traduit par Ic journal) 
1023 
Introduction 
[he use of high power ultraviolet lasers to induce multi-
)ton excitation and bring about photochemical change offers 
umber of advantages over conventional techniques. Firstly, 
tes which lie at energies equivalent to those for single-
oton transitions in the vacuum ultraviolet can be populated 
thout having to contend with the many practical difficulties 
;ociated with the evacuation of the optical path and the 
ndling of materials that are transparent at vacuum ultraviolet 
tvelengths (the transmission of such materials is rapidly de-
aded by the slightest contamination and they are also sus-
ptible to radiation damage). Secondly, the selection rules for 
ultiphoton excitation differ from those for single-photon cx-
Lation and this allows access to a whole new range of elec-
)nically excited states. This point is well illustrated by the 
inplest of multiphoton excitation processes, i.e. two-photon 
,citation. The selection rules for two-photon excitation are 
1uivalent to those for Raman scattering and thus complement 
e normal electric dipole selection rules. 
A third difference which has not yet been much exploited is 
ie ability to excite samples homogeneously that would other-
rise be optically thick for single-photon absorption in the 
acuum ultraviolet. Thus, using multiphoton excitation, a ho-
togeneous distribution of radicals can be produced in systems 
there high reagent concentrations would render the sample 
paque to vacuum ultraviolet radiation. The latter principle can 
e further exploited for the excitation and detection of atoms 
thich by virtue of their high peak extinction coefficients be-
ome optically thick at very low concentrations. 
'Permanent address: Department of Physics. University of Crete, 
raklion, P.O. Box 470, Crete, Greece. 
2Permanent address: Department of Chemical Physics. University 
if Bilbao. Apartado 644, Bilbao, Spain. 
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FIG. I. Experimental arrangement for observing photofragment 
fluorescence and multiphoton excitation. 
In the work presented below we demonstrate how a simple 
excimer laser can be used to induce multiphoton transitions in 
a number of small molecules and discuss the various mech-
anisms involved. The first example considered, that of the 
coherent two-photon excitation of H 20, is the most clearly 
understood. We then discuss the two-photon excitation of ICN 
which involves a repulsive intermediate state at resonance with 
the first photon. Finally, we discuss two examples in which the 
primary photofragments are excited by absorption of a further 
photon from the laser pulse and give rise to strong laser-
induced fluorescence spectra. 
Experimental 
The experimental arrangement (see Fig. I) was similar in principle 
to that described previously (I) but differed in a number of important 
respects. For the multiphoton excitation of water the excimer laser 
used was a Lambda Physik EMG 201; this laser is capable of dcliv- 
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FIG. 2. Photofragmenc fluorescence from OH(4 .. v' = 0 	XII. v" = 0) tIlowing two-photon excitation of H10(P H .(, = 1.5 kN m) with a KrF laser (248 nm). The heads of the R. R. and Q1 branches. together with the resolved rotational lines of the P and P 2 branches, are indicated by arrows. 
ering I J per pulse on the KrF line at 248 nm. The laser output was 
focussed into the photolysis cell with a quartz lens of focal length 
10 cm. The OH phocofragment fluorescence was monitored at right 
angles to the laser beam and was dispersed with a Monospek 500 
monochromator used in the second order. The observations on SO 
excitation were also made with this arrangement. 
The work with ICN and the other molecules discussed below was 
carried out with a Lambda Physik EMG 500 laser and an experimental 
arrangement that has been described previously I. 2). 
Results and discussion 
(i) Two-photon excitation of water 
The only photofragment fluorescence observed when water 
was subjected to the focussed output of the KrF laser was 
readily identified as due to 0H(A 2 —. X 2 11). The intensity 
of the emission was found to increase slowly with increasing 
vapour pressure of water and at 1.5 kN m pressure the in-
tensity was sufficient to allow rotational structure to be re-
solved for levels with K 5 14 (see Fig. 2). The spectrum could 
still be observed for pressures as low as 67 N m 2 and was 
ssentialIy identical to that at the highest pressures. This is 
:onsistent with the large ratio for the cross-sections for dee-
ronic quenching versus rotational relaxation of 0H(A) by 
Nater (3). 
Water is completely transparent at 248 nm (i.e. for single-
,hoton absorption) and as there is insufficient energy to dis-
ociate the molecule we can be certain that this photofragment 
luorescence must result from a coherent two-photon process or 
i higher order process. The intensity of the OH(A 2I) fluo-
escence was found to increase quadratically with the laser 
ntensity (I) which supports the two-photon mechanism. 
The populations of the K levels, for K = 14-20, were readi-
y determined using the known line strengths, as the P, and P2 
ranches associated with these higher levels are clearly re-
olved. Careful analysis of the sharper features at shorter wave-
ngth, several of which are blends of only two lines, allows a 
easonable estimate to be made of populations below K = 14. 
'hese populations can then be fed into a computer program 
ihich simulates the fluorescence spectrum. Small adjustments 
re made to the populations until a good fit between the experi-
ental and simulated spectrum is obtained. The best fit to the 
ata. in Fig. 2 was achieved with a distribution that peaked at 
bout K = 16 and declined slowly up to K = 20. Below 
= 16 the populations are fairly constant. This distribution is 
early very different to the one observed following single-
hoton excitation of H 20 at 123.6 nm where a monotonically 
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FIG. 3. Phocofragment fluorescence from CN(B 2 	 -~ X 2 ') fol 
lowing two-photon excitation of ICN (P,CN = 24 N m 2 ) with a KrF 
laser (248 nm). The upper trace is the experimental spectrum and the 
lower trace a computer simulation. 
rising population of K levels, up to the maximum possible level 
(i.e. K = 20), is observed (4). The rotational distribution pro-
duced by two-photon excitation is thus somewhat cooler than 
that produced by single-photon excitation but the OH(A 2r) 
fragment still receives a considerable amount of angular 
momentum. 
The different rotational distributions observed following 
single-photon and two-photon excitation suggest that different 
upper electronic states could be involved in the two absorption 
processes. In the case of single-photon excitation both the 
bound C'B, and the repulsive B 'A, states are populated. The 
OB I  state is known to be mixed with a close lying 'A2 state, 
forming a Rydberg complex, and is also predissociated by the 
B'A, state (5). Transitions to the 'A 2 state are forbidden for 
single-photon absorption, but allowed for two-photon absorp-
tion. Thus two-photon excitation of H 20 can directly populate 
the 'A 2  state which may therefore play a more important role in 
the two-photon process. As the 'A 2  state does not correlate 
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FIG. 4. Laser-induced fluorescence spectrum from SO following two-photon excitation of SO 2 (P>. = 1.33 kN m 2 ) with a KrF laser 
48 nm). The broad continuous emission is due to fluorescence from SO 2 and the structure observed in the region 290-310 nm is due to 
rabsorption of this fluorescence by SO 2 . 
TABLE I. Vibrational distributions (N/Na) for CN(B 2 ) 
following two-photon and single-photon excitation of ICN 
Two-photon 	 Single-photon 
v' 	excitation 6 x 248 nm) 	excitation*  (123.6 nm) 
0 	 1.0 	 1.0 
	
0.4 0.77 
2 	 0.2 	 0.75 
3 —0.1 0.52 
4 	 <0.1 	 0.54 
sAshfoId and Simons, private communication. 
lirectly with OH(A 2 	crossing to the B 'A, state is still 
equired. if this crossing occurs in a different region of the 
typersurface to that for the C'B, state, as is likely to be the 
:ase, the dynamics of the dissociation process and the energy 
listribution in the products will differ from those for the single-
hoton excitation process, despite the similar total energies 
nvolved. We intend to examine this proposal in more detail in 
he future using the output of a tunable line-narrowed KrF 
aser. 
ii) Two-photon excitation of ICN 
The photochemistry of the cyanogen halides has attracted 
onsiderable experimental and theoretical interest (6). Vacuum 
iltraviolet photolysis produces electronically excited (A and B 
tate) CN radicals and this has facilitated the study of the 
hotodissociation dynamics. The Vibrational and rotational en-
rgy distribution in the CN radical has been shown to be very 
ensitive to the nature of the 1CN state populated. In general the 
liscrete (Rydberg) spectral features give rise to hot vibrational 
Ind rotational distributions, while the underlying continuum 
In a recent study using two-photon excitation at 248 nm (KrF 
laser) we have shown (2) that CN(B 2 ') is formed with a 
relatively cold vibrational distribution (see Fig. 3) although the 
spectrum of ICN at 124 nm is dominated by a discrete transi-
tion to the 8sa( 3 fl) Rydberg state. This contrasts sharply with 
the hot distribution observed by Ashfold and Simons following 
single-photon excitation at 123.6 nm (Table I). It was sug-
gested by Hopkirk and Donovan (2) that this difference could 
result from the population of different electronic states of ICN 
by two-photon excitation, however, an alternative mechanism 
involving sequential excitation via a repulsive intermediate 
state could not be ruled out. The latter mechanism is expected 
to lead to a broader and cooler distribution of vibrational states, 
as the sequential pumping process can in principle sample a 
wide range of 1—CN internuclear separations during dis-
sociation on the repulsive intermediate surface. However, the 
probability of a molecule absorbing a second photon during this 
dissociation process is rather small, as the lifetime in the re-
pulsive state will be <l0 2  S.  
(iii) Laser-induced fluorescence following multiphoton 
excitation and fragmentation 
Two-photon excitation of CS, with a KrF laser at 248 nm 
produces CS radicals in both the ground and excited A'fl elec-
tronic states (8). Ground electronic state radicals are formed in 
a range of vibrational levels and those in the v" = 2 level 
absorb a further 248 nm photon, via the (2,2) band of the 
CS(A - X) system, leading to strong laser-induced fluo-
rescence, viz: 
CS. + 2hv (248 nm) - CS(X'.'. v" = n) + S 
CS(X'.. v" = 2) + hv (248 nm) - CS(A'fl. v' = 2) 
CSA'fl. v' = 2)— CSX'. v" = n) 
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SO radicals produced in the v" = 2 level then absorb a further 
photon (9, 10) which results in strong laser-induced 
SO(B - X) fluorescence (see Fig. 4), viz: 
SO(X'. v" = 2) 1- hi' (248 nm) 	S0(8, v' = 2) 
SOW. v' = 2)-' SO(X. v" = n) 
+ hi' (248-450 nm) 
A weaker contribution to this fluorescence from SO(A 11 2 , 
v' = II) is also observed at the shorter wavelengths (IL). 
Conclusions 
The main conclusion to be drawn from the above work is that 
the use of high power ultraviolet lasers allows the facile pro-
duction of a range of electronically excited species which 
can now be readily studied using conventional time-resolved 
kinetic techniques. It should also be apparent that in most cases 
the detailed mechanism by which multiphoton excitation oc-
curs is unclear and that much remains to be done in this new 
realm of photochemistry. 
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